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A Note from the Publisher 


Adenine is delighted and proud to publish RAMACHANDRAN 
because we believe that the volume will provide new energy and 
incentive to the gifted students in the current young generation in 
India to follow the path of Ramachandran. We deliberately chose 
an ancient map of India for the background. The intellectual inten- 
sity and straightforwardness of Ramachandran reminded us of the 
ancient learning center Taxila, founded by Bharata, where the 
great Indian epic Mahabharatha was first recited. GNR reminded 
us of the form and frame of Yudhishthira. Indraprastha where 
Yudhishthira ruled over and conducted Rajasuya is definitely the 
Madras and the Glory Days (p. 39). Sir A. L. Mudaliar, to us, is an 
avaratha of Krishna and looked after Ramachandran. Hastinapura 
represents Bangalore and the Bad Days (p. 125); thank God there 
were several Viduras in this Hastinapura to comfort GNR from the 
Duryodhana crowd. Finally there is this reincarnation of Krishna in 
the form of C. N. R. Rao who literally pulled GNR out and rescued 
him. But, by this time, GNR absorbed so much assault and dam- 
age that his physical and emotional health could not keep up. 
What a sad story. India lost what would have become the most 
powerful center in structural biology in the world. India lost the 
Indraprastha in structural biology. 


On page 134 there is a remarkable interview between C. N. R. Rao 
and the author. Take home lesson: Love, respect, understanding, 


cooperation and tolerance among colleagues will tranform an insti- 
tution into greatness. 
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Preface 


Gopalasamudram Narayana Ramachandran, GNR to those who know 
him well, is one of the most brilliant Indian scientists of this century. 
He has been rightly called “the father of molecular biophysics in 
India. He was a pioneer in that field even when the subject was just 
starting to take shape in the advanced countries of the Western world. 
He made several very important discoveries in molecular biophysics, 
especially in the study of protein structures, at a time when very little 
was known about them. Ramachandran’s formulation of the rules for 
describing conformations of polypeptides, polysaccharides, and poly- 
nucleotides was responsible for initiating a new field of study on con- 
formations of macromolecules. His permanent imprint in this field, the 
“Ramachandran phi-psi plot” or simply the “Ramachandran diagram”, 
has become a standard description of protein structures in every mod- 
ern publication. 

Ramachandran also discovered the triple-helical structure of the 
connective tissue protein called collagen, one of the more abundant 
mammalian proteins in the world. Remarkably, the structure of colla- 
gen he proposed over four decades ago has survived the scrutiny of 
numerous experiments. Ramachandran has also been an innovator in 
several other important areas of molecular biophysics, including X-ray 
crystallography, and three— dimensional image reconstructions of elec- 
tron microscopic images. He started the departments of Molecular 
Biophysics at the University of Madras and later at the Indian Institute 
of Science in Bangalore. These two departments have become leading 
centers for research in biophysics and the education of graduate stu- 
dents in India. 

Ramachandran began his scientific career as a student of Sir C. V. 
Raman, the first Indian Nobel laureate in physics. He conducted a brief 
period of study in Cambridge, England, in the laboratory of yet anoth- 
er Nobel laureate, Sir William Lawrence Bragg. On his return to India, 


Ramachandran was appointed as an assistant professor in the 


Department of Physics at the Indian Institute of Science. There he 
Started research in X-ray crystallography, a tradition that continues to 
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this day. After a , 
he became one of the youngest professors in the newly Creates 


Department of Physics. There e — sear hear Programs 
devoted to molecular biophysics. Several y ater he returned tg the 
Indian Institute of Science and again started a Department - 
Molecular Biophysics that is one of the best departments in tha field 
in India with an international reputation. 

Ramachandran has never retired from intellectual activity as he 
constantly explores various fields like Indian philosophy, artificial 
intelligence, etc. His favorite topic is what is called Syaad Nyaaya, 
“the doctrine of may be,” an age-old system in Jain Philosophy, 
According to this system, any logical statement has more than two 
truth-values: it may be true, it may be false, or it may be doubtful, 
In a remarkable series of papers he interpreted the philosophical 
ideas of Syaad Nyaaya in a mathematical form which he called 
“Boolean vector matrix formulation.” In his opinion the ideas 
expressed in these papers have potential applications in the field of 
artificial intelligence. 

Most of Ramachandran’s major scientific contributions were 
made against endless odds, at a time when scientific research and 
creativity had a low priority in India. The country had just achieved 
its independence from British rule and was trying to solve more 
immediate problems associated with building a new nation and 
improving the living standards of its enormous population. Despite 
such conditions, Ramachandran was able to inspire a large number 
of young people, first in Madras and later in Bangalore, to take up 
careers in science. Many of these students, including myself, have 
gone on to successful careers in science and made significant con- 
tributions in various aspects of biophysics throughout the world. 

In addition to being a highly creative scientist, Ramachandran 1s 
aman of very high integrity and moral principles, as well as a gen 
cous person. He has a deep interest in philosophy and in classical 
Indian and Western music. He is a truly patriotic Indian with an 
ne mee for his country. He had numerous and lucrative ee 
a Wee his research Career in many leading universitie Ps 

world, but he decided to stay in India, fight the burea 
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pal Carry out his research interests, and inspire many young 
ndian Students. 


This book is about the life and science of Ramachandran, * 


sail Preface xi 
remarkably creative in ividual with an active mi 
relaxed, constantly striving to shed light on one at. rollin 
His life has been one of varied experiences punctuated by ups od 
downs, success and failure, as is the case with many other famous 
scientists of our times. Ramachandran suffered serious psychiatric 
problems during most of his adult life. Fortunately they did not 
impact on his scientific creativity or productivity; it simply added a 
new dimension to his life. In spite of all that he put India on the map 
of molecular biophysics. Clearly, Ramachandran belongs in the same 
league as some of the most famous Indian scientists of this century, 
for example Sir C. V. Raman, M. N. Saha, or S. N. Bose (of Bose- 
Finstein statistics fame). Clearly his contributions in the field of bio- 
physics are of the Nobel Prize caliber. 

Words cannot adequately express my gratitude to Professor and 
Mrs. Ramachandran for their enthusiastic blessing and cooperation in 
this project. Both of them graciously allowed me into their lives and 
constantly helped me and encouraged me throughout this work. I could 
never have written this without their active cooperation. In addition I 
have interviewed hundreds of people in preparing this story. It is 
impossible to list all their names, but I am very grateful to each of 
them. 

I wish to thank the Department of Biochemistry and the State 
University of New York at Stony Brook for granting me sabbatical 
leave, which enabled me to collect most of the data used in preparing 
this document. I also wish to thank Professor C. N. R. Rao, President 
of the Jawaharlal Nehru Center for Advanced Scientific Research in 
Bangalore, for giving me a Fellowship to work on this project. Iam 
also very grateful to Professor M. Vijayan and all the members of the 
Molecular Biophysics Unit in the Indian Institute of Science for 
accommodating me during my stay in Bangalore. I am also grateful 
to Professors Yathindra and Sundaram of the Biophysics Department 
at the Madras University for giving me access to some of the original 
files of Professor Ramachandran. Several friends offered invaluable 
suggestions during the writing of this book. Some of them read through 
the manuscript and made changes and useful comments. I am particu- 
larly grateful to Professor R. Chandrasekhar of Purdue University; Dr. 
S. Thyagaraja Rao of Ohio State University in Columbus, Ohio; Dr. A. 
Jayaraman, Emeritus Scientist from Bell Labs in New Jersey; Professor 
A. K. Ramadas of Purdue University; Dr. Radhakrishna Bhat of 
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Brookhaven National Laboratory in Long Island; Professo 
Krishnan of SUNY Stony Brook, and Professor Narayan e Cy. 
SUNY, Westbury campus. It is a pleasure to acknowledge the €gde of 
encouragement and frank discussions I had with peat 
Ramachandran’s children, Ramesh Narayan, Vijaya Meade 
Harishankar Ramachandran. fan and 

Last but not least, I could not have even attempted this project w; 

out the encouragement and help of my wife, Kasthuri ity ct with- 
dren, Naveen and Deepak. Kasthuri accompanied me an a o chil- 
leave, where she graciously helped me sort out all the saa na batical 
made my life in India pleasant. Tvlews and 


1. Education 


Gopalasamudram Narayana Ramachandran was born in 1922. His par- 
ents came from a typical South Indian Brahmin family in Ernakula 
near Cochin, a coastal city in the southern state of Kerala in India : 
that time Cochin was ruled by a Maharajah and enjoyed considerable 
prosperity in comparison to other parts of colonial British India. The 
rulers of such states had full autonomy under the British and most 
Indian rulers maintained cordial relations with their colonial counter- 
parts. The Maharajah of Cochin was an enlightened ruler, under whose 
aegis educational and cultural institutions thrived. For higher educa- 
tion Cochin had a college known as the Maharajah’s College. 

Ramachandran is the eldest son of G. R. Narayana Iyer and 
Lakshmi Ammal. Iyer was a well-known professor of mathematics at 
the Maharajah’s College. He belonged to the pioneering generation of 
Brahmins who had diverged from their traditional role as priests and 
gone on to college to study english, physics, and chemistry. 
Eventually, he retired as the principal of Maharajah’s College, a posi- 
tion similar to that of president at a college in the West. 

In describing his father, Ramachandran says: “My father was an 
M.A. [Master of Arts] in mathematics and he was teaching in 
Tirunelveli, a small town in the present state of Tamil Nadu. He 
applied for a job in the Maharajah’s College in Ernakulam, and was 
told that he should have an L.T. [Licentiate in Teaching] degree to 
qualify him for the position of a lecturer. Thereupon he went to 
Trivandrum [the capital of the State of Travancore, currently called 
Kerala] and earned himself an L.T. degree that enabled him to join the 
faculty of the mathematics department in Maharajah’s College. 

Because of his ability and thoroughness he became the most senior 
and respected member of the department and retired as the principal. 
He had a very sharp mind in mathematics and he used to teach me 
mathematics. I had been exposed to most of the theorems in analytical 
geometry even before I went to college. When I was in high school, he 
would bring books on mathematics from the library and give me some 
challenging theorems to prove every day. He would write equations 
and ask me to solve them. He was a wizard in mathematics.” 

Ramachandran was attracted to mathematics from the very begin- 
ning of his student life and flourished under the tutelage of his father. 
It was, and has continued to be, his favorite subject, giving him an 
advantage over his contemporaries in school and college, particularly 
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Ramachandran bad tenn Saale pie mii i 
Ernakulam. In th ee the Maharajah of Cochin insisted upon fee 
standard of teietiiee ne Consequently, private schools had lower stan. 
ing only the best ee ee was the prime consideration for admission to 
dards of nani ols, contrary t the situation that prevails now. 
the goveniiaihe eee highly literate regions of India, with a liter. 
Cochin was one of the most highly Gente 1a liter: 
acy rate of about 60 percent even In the 1930s w a U _ hehe in other 
parts of India was only between 5 and 10 percent. That high literacy level 
is maintained throughout the state of Kerala even now and the 
Emakulam district recently declared 100 percent literacy. This achieve- 
ment is a result of voluntary participation in the education provided by 
some of the more educated citizens of the district. 

The British regime did not interfere too much in the administration 
of primary education, particularly in states ruled by Maharajahs or 
princes. Their only influence on the rulers and their states was through 
the British-appointed Diwaans, who were their chief representatives. 
The colonial rulers were happy as long as there was “peace” in the 
region. The British also never questioned the religious freedom of their 
subjects. In fact they always preferred orthodox Hindu Maharajahs 
who could be depended upon to maintain law and order in their states. 

Dr. T. Ramakrishnan was one of Ramachandran’s earliest colleagues. 
Now retired as professor’ and chairman of the Department of 
Microbiology in the Indian Institute of Science, he fondly recalls his 
association with Ramachandran. They had their schooling together and 
their careers took parallel tracks. He describes his association with the 
Ramachandran family as a story of three generations. Ramachandran’s 
father, Professor Narayana Iyer and Ramakrishnan’s father, Professor 
Karunakaran Nair, were colleagues in Maharajah’s College in 
ee eeradhandete father taught mathematics, while 
feruteitn ro co ween taught — zoology. Ramachandran and 
the same class onthe 1 ee hay acliga) Iy-Smretlcniin bere be 
Indian Institute of Sci ie ae aka el el 
the Molecular Bioph hata carly Avs Ramachandran es 
spade af Gegtbak nit and Ramakrishnan was chairman © 

ogy. Ramachandran’s youngest son, Hari, a 


amakrishnan’s 
olde : : if 
Bangalore, st son, Ramesh, were in the same class at school 
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Professor Ramakrishnan recalls that in high school Ramachandran 
was an outstanding student, particularly in mathematics, always get- 
ting a perfect score of 100 percent on all his mathematics examina- 
tions. Even though the high school was located in Ernakulam, the edu- 
cational curriculum of all area schools was administered from Madras, 
the largest city in South India. The region of control was known as the 
“Madras Presidency”, and all high schools in it had to administer a 
centrally formulated examination for students at the end of their eleven 
years of schooling. This final examination was called the Secondary 
School Leaving Certificate (S.S.L.C.) examination. Neither the teach- 
ers nor the students had any knowledge as to who prepared the ques- 
tions for the final examination, nor did students know which teachers 
actually graded their answers. Mathematics was the only subject in 
which students were able to score a perfect 100, in all other subjects, 
such as english, history, biology or other science subjects, students had 
to settle for a maximum of 60 to 70 percent. 

After eleven years of high school, students spent two years in a col- 
lege before starting their education for a first degree in science or human- 
ities. This “‘intermediate course,” or the First Arts (F.A.) or First Science 
(F.Sc.) program, did not lead to any specific degree. The students could 
choose to study one of many different subjects during these two years of 
college. Most students who wanted to continue their education in engi- 
neering or obtain a degree in mathematics, physics, or chemistry studied 
what was called MPC (mathematics, physics, and chemistry). Any stu- 
dent who wished to go to medical school or specialize in biology stud- 
ied BPC (biology, physics, and chemistry). Everyone else studied what 
was called “arts” which consisted of history, social studies, or com- 
merce. MPC was considered to be the most challenging and only the 
very best students ventured to take on those subjects. 

Every student studied English in college. In addition, they had to 
learn two more languages: a regional language and a third language. In 
most cases this third language was Sanskrit. After the British left the 
country and India achieved independence, the third language of study 
included Hindi, the official language of India. The regional language in 
Emakulam was Malayalam; therefore, Ramachandran studied Sanskrit 
and Malayalam during his years in school and college. 

After completing the intermediate course and ranking first among 
several thousand students in the entire Madras state, Ramachandran 
decided to study physics for a B.Sc. (Honors) degree. This was a 
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uite different from a bachelor’s degree With 


universities in North India. The B.Sc, (Honors 
~~ which Ramachandran enrolled consisted of an fe 
gram in W) ialization in any one subject chosen from h ese 
a sfeorniti, history, literature, or economics, Studie 
eee class studied very little of na ene However, a i 
dent in physics honors, for example, studied two years of Mathematics 
as an auxiliary subject in addition to physics, while chemistry honors 
students studied two years of physics in addition to chemistry, 

There was another interesting twist to the honors Program, After 
three years of study, students had one chance to take and Pass a set 
of cumulative final examinations in all of the relevant Subjects. If for 
some reason a student failed in one or more subjects, the uniy, 
recommended that the student be awarded the normal B.Sc. degree, 
a degree normally given after two years of study. This placed an 
enormous burden on the students to perform well in their final 
cumulative examinations. Completion of the B.Sc. (Honors) degree 
was considered to be equivalent to a master’s degree in science, 
which in fact was granted by default after two years of passing the 
B.Sc (Honors). 

Ramachandran, with his extensive interest and knowledge, could 
have easily studied for the honors degree in mathematics. But his 
father, himself a professor of mathematics, discouraged his son from 
joining the honors program in mathematics. He rightly felt that 
Ramachandran already knew so much mathematics that if he did join 
the honors program, his college teachers would have “nothing new” to 
teach him. Therefore, he advised Ramachandran to join physics hon- 
ors and ask for special permission to study chemistry in place of math- 
ematics as the subsidiary subject. Ramachandran always felt that this 
was a very wise choice on his part, as this introduction to chemistry 
helped him substantially in his later research, 
in. as admission to the honors program were aeonens pes 
result, the enrol ents from the intermediate class were admitte on “i 

y ent in the B.Sc, (Honors) class was much smaller tha 
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All the colleges in the Madras Presidency were affiliated with the 
University of Madras, which controlled the curriculum for the various hon- 
ors programs. The University of Madras, started by the Biitish in 1857, was 
one of three oldest such universities in India, the others being the 
Universities of Bombay and Calcutta. 

In 1939, Ramachandran was only 17 years old. For the first time in 
his life he left Ernakulam, the home of his parents and went to live in 
Trichy for three years to study physics and chemistry. St. Joseph’s 
College was one of several institutions started by the Christian mis- 
sionaries and had a reputation for offering a high-quality education 
combined with strict discipline. The Department of Physics in particu- 
lar had some very well-known professors, two of whom seem to have 
stimulated Ramachandran’s interest in physics, Professor P. E. 
Subramaniam, and a Jesuit priest by the name of Father Rajam. Both 
were supposed to be excellent teachers, the latter had written a text- 
book on modern physics, used by all students who studied the subject. 
“Modern” physics at that time included the study of atomic structure, 
the Bohr and Sommerfeld atomic models, and the theory of Relativity. 

Ramachandran was a diligent student who almost never missed a 
lecture or laboratory work in his three years in college. The only excep- 
tion was during the crucial three-week period before the notorious 
cumulative final examination for the B.Sc. (Honors) degree. 
Ramachandran was sick with jaundice and had to miss all the classes, 
while he recovered at his parents’ home in Ernakulam. Yet in spite of 
his illness, Ramachandran again secured the first rank among all the 
physics honors students in the entire Madras Presidency. 

Ranking first in the Madras University system among a set of very 
bright students in an honors class was an extraordinary achievement. 
As mentioned before, Presidency College in Madras was one of three 
colleges that offered the physics honors program, and it had a unique 
distinction of producing an abundant share of “firsts” in the university. 
The Presidential graduates became top class scientists and administra- 
tors in later life. Madras was after all the capital and attracted some of 
the very best students in South India. 

A dozen years before Ramachandran’s time, another bright young 
man by the name of S. Chandrasekhar secured the first rank in physics 
honors from Presidency College. He became a famous professor of 
astrophysics at the University of Chicago and was awarded the Nobel 
Prize in Physics in 1983 for his prediction fifty years earlier of the ulti- 
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India. In fact, Ramachandran’s mentor, Sir C. V. Raman, also Studied 
in the Presidency College, and swastte sere om af reer Braduate to 
also rank first among the physics honors stu os of his class. For once 
+a so many Years Presidency College lost its istinction of Producing 
the top-ranked student and in 1942 this honor went to our 
Ramachandran from St. Joseph’s College in suburban Trichy. Talent 

ibits itself early in life. 
eee cus enpeaitant legacies that the British left behind after three 
centuries of colonial rule in India was a sound system of education and a 
“good” administrative setup, although it has become an abominable bureau- 
cracy. The so-called Indian Civil Service (ICS) consisted of a highly select 
and elite group of civil servants to carry on the routine administrative busi- 
ness of governing the vast country. The ICS was renamed the Indian 
‘Administrative Service (IAS) after the country achieved independence, 
Even today the officers of the IAS enjoy tremendous power and influence 
in the day-to-day administration of the enormous network of government 
departments. A principal goal of education among most Indians who could 
afford to go to school and college at that time was to enter the ICS or one 
of the other government cadres. 

Like most educated fathers in middle class families, Narayana lyer 
wanted his son to take the Indian Civil Service examination. At that time, 
before India became independent, this highly prestigious examination was 
administered in England and only very rich Indians could afford the trip 
abroad to take it. (Now, this examination is called the Indian Administrative 
Service examination and is administered in India by the Union Public 
Service Commission.) However, Ramachandran and his high school com- 
Panion Ramakrishnan did not want to appear for the Civil Service exam 
nation. Both wanted to do research in science. 


ese 
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2. Bangalore-First Doctorate 


Ramachandran’s father, Narayana Iyer, failing to convince his son to 
take the Civil Service examination, sent him to Delhi to take an Indian 
Railway Engineering Service examination. A highly select group of 
students who passed this examination went on to study engineering for 
employment with the Indian Railways. Ramachandran hated this 
digression and deliberately performed poorly in the entrance examina- 
tion so that he was not selected for the Railway service. The next 
choice for him in 1942 was to study for a master’s degree for which he 
had already obtained admission in the Department of Electrical 
Engineering at the Indian Institute of Science in Bangalore. 

Founded in 1911, the Indian Institute of Science has been a premier 
institution for science education and research in India, and 1942 was 
no exception. The following abstract provides a historical perspective 
on the Indian Institute of Science: 


The Institute was the brain child of Jamsetji N. Tata 
(1839-1904), a wealthy Parsi industrialist, who was con- 
vinced even in the 19th century India that the future progress 
of India depended crucially on research in science and engi- 
neering. Toward this goal, he envisaged a University as des- 
tined to promote original investigations in all branches of 
learning and to utilize them for the benefit of India. 

After consulting several authorities in India, J. N. Tata con- 
stituted a Provisional Committee to prepare the required 
scheme for the setting up of the Institute. On 31 December 
1898, a draft prepared by the Committee was presented to 
Lord Curzon, the Viceroy-designate. The Secretary of State 
for India requested the Royal Society of England for an 
expert view, and the Royal Society requested William 
Ramsay, Nobel laureate and discoverer of the noble gases to 
help. He made a quick tour of India and reported that 
Bangalore was a suitable place for such an institution, In 
order to finalize the scheme, Lord Curzon took advice of 
Professor Orme Masson and Lt. Col. Clibborn of the College 
of Engineering, Rourkee, who had recommended Rourkee as 
a suitable area. However, on the initiative of Diwaan K. 
Sheshadri Iyer, the government of His Highness Krishnaraja 
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Wodeyar IV, the Maharajah of Mysore, came forward With an 
offer of 372 acres of land, free of cost, in Bangalore and 
promised other necessary facilities. Thus the original scheme 
of Jamsetji Tata became a tripartite venture with the associa. 
tion of Government of India and the Maharajah of Mysore, 
The report that emerged recommended that the Institute be 
devoted to experimental science and aimed at training sty. 
dents in experimental methods; -carrying out original 
research and discharging the functions of an accepted 
authority and referee on all scientific problems arising with. 
in its own domain. 

Early in 1911, the Maharajah of Mysore laid the foundation 
stone of the Institute, and the first batch of students were 
admitted to the departments of General .and Applied 
Chemistry under Norman Rudolf and Electro Technology 
under Alfred Hay. The architecture of the main building, 
which today houses the administration and the Faculty Hall, 
is in classical style, carried out in gray granite and is 
crowned by a handsome tower which has become one of the 
landmarks of Bangalore. In front of it stands the work of 
Gilbert Bayes, a noble monument erected in memory of J. 
N. Tata. At its feet is an inscription which will serve to 
remind future generations of the generosity of Jamsetji Tata 
and the persistence with which he worked for the welfare of 
India (Indian Institute of Science, 1994-95). 


When Ramachandran joined the electrical engineering department 
of the Indian Institute of Science, Professor Sir Chandrasekhara 
Venkata Raman, well known as Sir C. V. Raman, was the head of the 
Department of Physics. A very powerful figure in science in British 
India, Raman was internationally recognized for his classic work on 
light scattering. Raman had been awarded the Nobel Prize in Physics 
in 1930 for his work and the discovery of the so-called Raman effect. 
Raman had Previously conducted his research work at the Indian 
Association for the Cultivation of Sciences in Calcutta di 
Insti Caleuta and came to Bangalore as director of wnt 
ae cience and also to start the Department of Physics. ar tel 

te controversial director and after serving one three-ye@ ro 

Sked to step down as director but continue as profess© 
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physics. During Raman’s time as director, the Indian Institute of 
Science was at its lowest ebb. All departments were neglected except 
the Department of Physics which of course was Raman’s empire. 
Rumor had it that students joined other departments for a master’s 
degree and used the excellent Institute’s library facilities to prepare for 
the Indian Civil Service examinations. There were indeed exceptions: 
Vikram Sarabhai, who later became a pioneer in space research, was a 
student of the Institute, and Homi Jehangir Bhabha, the founder of the 
Atomic Energy program in India, was a faculty member. Both were in 
the elite physics department of C. V. Raman. 

Needless to say Ramachandran was not very happy in the electrical 
engineering department and met Professor Raman every evening and 
pleaded with him for a transfer to the Physics Department. Having 
seen his record of achievement in physics honors, Raman too was keen 
on having Ramachandran as his student. 

Professor Ramaseshan, a_ scientific contemporary of 
Ramachandran, describes in an article in Current Science the circum- 
stances of Ramachandran’s transfer to Raman’s department as follows: 
“Not to offend the acerbic head of the electrical engineering depart- 
ment, Raman met him and requested the transfer [of Ramachandran to 
the Physics Department]. When this was persistently refused, Raman 
in his characteristic way said, ‘I am admitting Ramachandran into my 
department as he is a bit too bright to be in yours.” 

Ramachandran describes his entry into Raman’s lab in this way: 
“There was a friend of mine from St. Joseph’s College, who had 
obtained first rank in the previous year, one P. S. Hariharan in the geol- 
ogy department [of the Indian Institute of Science]. He asked me to 
come to Bangalore, and even allowed me to stay with him. I joined the 
electrical engineering department, but wanted to work with Professor 
Raman, and so went and talked to Raman. He said I should write to 
my father before changing over from electrical engineering to physics. 
Finally he took me into his department.” 

This was the beginning of an extraordinary and remarkable career 
in science. Before actually starting his research for a doctoral degree in 
physics, Ramachandran had to obtain a master’s degree in science and 
be nominated as an associate of the Indian Institute of Science. A mas- 
ter’s degree was awarded on the basis of a thesis submitted after doing 
research. An associateship was a prerequisite for financial support dur- 
ing one’s doctoral research. The research career of Ramachandran thus 
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Cultivation of Sciences. He resigned his lucrative g0vernment job, 
joined and revitalized the association, collected a few good Scientists, 
did experiments on light scattering using homemade equipment, dis. 
covered the Raman effect, and won the Nobel Prize for that work. The 
type of science and the equipment used had of course changed by 
Ramachandran’s time, yet he followed Raman’s practice and conduct- 
ed all his research in India. He trained a large number of Students just 
as Raman did. 

Ramachandran is easily the most distinguished students that Raman 
produced. He describes his own life with Raman as follows: “Raman 
knew that I understood principles of optics. He gave me a very impor- 
tant problem. Consider light scattered by various planes separated by 
4,5, 6,... 10 millimeters and so on. It is actually Bragg diffraction. 
Consider reflection from one plane, reflected back from the next plane 
and so on, known as multiple reflections. This problem had been treat- 
ed earlier by Raleigh-Jeans. Raman gave me Raleigh’s paper and a 
book pertaining to this problem. In one day I was able to write the 
equation to the problem and work out the solutions. I was horrified to 
see the solution containing several hyperbolic sines and cosines. Thad 
seen it before and I went to the library and found this volume with sev- 
val ae and equations. I was very pleased to find el 
ois 4 7 ns i posi and solutions in that book. I wrote a very al 
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South India, the latter was equivalent to a master’s degree. Raman 
said, ‘Don’t worry about it, I will give you a fellowship of 130 rupees 
a month, you get an associateship degree from the Institute’ There 
were no courses to take, only research. The degree awarded was called 
A.LI.Sc. I was in charge of setting up an X-ray diffraction unit, it was 
a demountable X-ray tube. 

“In the Institute I used to give lectures on crystallography, starting 
with symmetry. I studied crystallography all by myself. I studied a 
book on group theory, and it became very useful throughout, particu- 
larly in my work on logic. There were very few books on group theo- 
ty and this book was by Herman Weyl. That changed my whole atti- 
tude to science. : 

“Raman had great respect for students who were better than him in 
mathematics. He gave me another problem to study the scattering of 
light by small particles, 3 or 4 times the wavelength of the radiation 
used. 

“Raman had ten to fifteen students working under him. He was a 
virtuoso, and each student was working on a different problem. Raman 
tried to bring famous scientists from abroad and he even tried to get a 
faculty position for Max Born, who was a visiting professor in his 
department. He wanted Erwin Schrodinger to come to India. This was 
a time when many scientists were leaving Germany. At that time 
Raman was the director of the Institute, but after the first three years, 
the administrators of the Institute told him: ‘We don’t want you’.” 

The thesis that Ramachandran submitted for the master of science 
degree was titled “Optics of Heterogeneous Media.” It was submitted 
to the University of Madras. In those days the Indian Institute of 
Science was not a degree-granting institution, students had to submit 
their theses for a degree from one of the other universities in India. 

Ramachandran’s thesis embodied the results of the theoretical and 
experimental investigations he carried out on the propagation of light 
through optically heterogeneous media. The thesis contained six chap- 
ters on topics varying from the theory of diffraction coronae to the 
transmission of light through a cloud of particles, the optical theory of 
chromatic emulsions, and reflections by periodically stratified media. 

A summary of results contained in each chapter is presented in 
Appendix J. It is taken directly from Ramachandran’s M.Sc. thesis. 

Ramachandran concludes the introduction of his thesis as follows: 
“T wish to express my sincere gratitude to Professor Sir C. V. Raman 
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the research supervisor of the student. The vice chancellor was to read 
the report and decide if the thesis could be accepted and a degree 
awarded: all this for a simple master of science degree! 

In Ramachandran’s case the external examiner for his thesis Was 
none other than Professor Sir K. S. Krishnan, professor of physics at 
Allahabad University who had worked with Raman on the Raman 
effect. Krishnan later became the first director of the National Physical 
Laboratory in New Delhi, one of the premier national laboratories in 
independent India. Commenting on Ramachandran’s MSc. thesis, 
Krishnan is supposed to have written in his report that “the thesis was 
worth at least two doctoral degrees!” In Ramachandran’s own words: 
“T personally was not worried about what the comments were in Sir K. 
S. Krishnan’s Teport. Students do not get to see the report anyway; 
they would not even show it to Professor Raman. But my father want- 
ed to see the comments. Since he knew the registrar of the university, 
he ae of the University’s Syndicate [the policy-making 

ersity], in which he was a member, he asked to see the 
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and any intellectual or scientific discussion on the research project. A 
thesis for the D.Sc. degree usually consisted of a collection of inde- 
pendent research publications written by the candidate and published 
in reputable and refereed science journals. Ramachandran’s work 
belonged to the latter category and in 1947 he submitted his thesis, for 
which he was awarded D.Sc. degree in 1948 while at Cambridge. The 
thesis contained all the research work he conducted on his own in 
Raman’s department. Lord Raleigh, one of the most famous British 
physicists of the time, was an external examiner of his doctoral thesis. 

Ramachandran’s doctoral research involved photo-elasticity and 
thermo-optic behavior of different solids such as diamond, fused 
quartz, fluorspar and zinc blende. Among the studies in this early peri- 
od was his work on what are called X-ray topographs of diamond: a 
picture that showed the variation in perfection over the surface of the 
crystal. Ramachandran’s publications in 1944-1946 contain some of 
the earliest applications of X-ray diffraction to the study of variations 
in perfection of crystals. The name topograph for such pictures was 
introduced and adopted for the first time by Ramachandran in these 
papers. The thesis also contained original results on the theoretical cal- 
culations of optical rotation of crystals, such as quartz and sodium 
chlorate, from their crystal structures. All of Ramachandran’s scientif- 
ic publications of this period carry his name as the single author. 
Curiously, Ramachandran does not have a single publication in which 
he is a coauthor with Raman. 

Ramachandran’s reputation as an outstanding graduate student in 
Raman’s department had spread all over the Institute. According to 
Ramaseshan, “The following is an example to illustrate the ease with 
which Ramachandran could absorb ideas when the slightest mention 
was made to him and how with lightning speed he could implement 
them. I vividly remember when Raman told Ramachandran that he 
[Raman] had observed non-uniformities inside Laue spots. He thought 
that they must be due to variations in the reflecting power of the crys- 
tal and felt that it should be possible to get a point-to-point mapping 
of the imperfections in a diamond plate. This took place on a Friday 
evening before Raman left for his country estate to spend the weekend. 
By the following Monday morning Ramachandran had not only 
worked out the theory and the experimental arrangement, but had actu- 
ally obtained excellent topographs of a diamond plate.” 
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politics (India was about to get its independence from the British), sci- 
ence (the group included students of physics, chemistry, microbiology, 
and mathematics), and music (almost everyone was a connoisseur of 
classical Indian music). All the participants in that group became dis- 
tinguished and prominent scientists in their respective fields, includ- 
ing S. Ramaseshan, who later became the director of the Indian 
Institute of Science; S. Swaminathan, who became a professor of 
organic chemistry at the University of Madras; and Jagannathan, who 
retired as one of the deputy directors of the National Chemical 
Laboratory in Pune. 

In 1945, Ramachandran married Ms. Rajalakshmi, also known as 
Rajam. Rajam’s family hailed from a village called Tharuvai in the dis- 
trict of Tirunelveli, close to Gopalasamudram and also in the same dis- 
trict as the hometown of Ramachandran’s parents. Neither 
Ramachandran nor Rajam have actually lived in their native village. 
Rajam’s father was a senior railway engineer and worked in different 
parts of North and South India, and therefore Rajam had her education 
in both regions. Rajam had just finished high school when her parents 
began planning her marriage. 

Their marriage was a traditional one arranged by both sets of par- 
ents. Rajam lived with her parents in Nagpur in Central India, 
Ramachandran’s parents lived in Ernakulam in South India, and 
Ramachandran was a graduate student in Bangalore. Rajam’s parents 
received three proposals: one from the family of an officer in the Indian 
Civil Service; the second from an engineer in the Railways; and the 
third from this graduate student in the physics department of the Indian 
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other members of his family to the girl’s house for a prearranged social 
get-together. The boy and the girl see each other in the presence of 
other family members. Very soon thereafter the families communicate 
their decisions to one another. If both agree to the marriage, the date is 
fixed and any dowry to be exchanged is usually negotiated at that time. 
In this case, the tradition was broken. Rajam went with her parents 
to Bangalore, where they stayed with relatives. A meeting was 
arranged for Ramachandran to meet Rajam in the presence of other 
family members. Everyone agreed to the match, and the marriage was 
held in 1945 in the city of Madras where Rajam’s father had an influ- 
ential friend who could help in making all the necessary arrangements. 
Because World War II was in progress and there was strict rationing of 
most essential commodities, this friend’s help was highly appreciated. 
The newly married couple did not start living together immediately 
after the marriage. Rajam continued to stay with her parents in Nagpur 
and went to college for one more year before joining Ramachandran in 
Bangalore. Arriving in Bangalore, Rajam wanted to continue her col- 
lege education, but Ramachandran’s mother apparently said; “My son 
is going to bring any number of degrees, you don’t have to get one 
too.” 
Rajam was the most important and most influential companion in 
Ramachandran’s life. She was an extraordinarily remarkable woman, 
full of energy, enthusiasm, kindness, and magnanimity, and she kept 
the family together in difficult times. It may not have been easy being 
the wife of a well-known scientist, but she charmed and made a lasting 
impression on everyone who met her and became acquainted with her. 
In 1947 Ramachandran submitted his doctor of science thesis from 
the University of Madras for research work he carried out in Raman’s 
laboratory at the Indian Institute of Science. That was also the year 
India became independent after three hundred years of British rule. 
However, independence after such a long time left India in total disar- 
ray and presented numerous problems. The country needed large num- 
ber of scientists, engineers, and other skilled personnel, so that it could 
begin to build its infrastructure, modernize its industry, and compete 
with other developed nations of the world. —- 
Economically India was in ruins. The majority of people lived in 
villages and most of them were extremely poor with very low standard 
of living. Religious riots occurred all across the country; thousands of 
Hindus and Moslems were slaughtered in the name of religion. In the 
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3. Another Doctorate From Cambridge 


It was not unusual for outstanding scientists to go abroad under some 
scholarship or fellowship to obtain exposure at renowned centers of 
research, There were a few highly prestigious fellowships such as the 
Rhodes Scholarship and the 1851 Exhibition Scholarship. It was under 
one such scheme that Ramachandran went to Cambridge in October of 
1947 to continue his education. He was successful in getting a presti- 
gious fellowship, provided by the Royal Commissioners of the 1851 
Exhibition. Following the highly successful exhibition held in Earl’s 
Court in London in 1851, the commissioners of that exhibition set 
aside funds to provide for the training of outstanding and promising 
young scientists from the former British Colonies in universities in 
Great Britain. 

Ramachandran decided to go to Cambridge in England, and work in 
the famous Cavendish laboratory where Sir William Lawrence Bragg 
was then director. Bragg discovered the principles of X-ray diffraction 
and was a pioneer in the determination of crystal structures of inor- 
ganic compounds and minerals. He was also about to launch with Max 
Perutz and John Kendrew the X-ray structure analysis of macromole- 
cules. Since Ramachandran had already studied X-ray diffraction for 
his doctoral research in the Indian Institute of Science it was easy for 
him to become a part of the Cavendish group of crystallographers. He 
was slightly disappointed that he could not work directly with Sir 
Lawrence Bragg, as he was assigned to work with Dr. W. A. Wooster, 
a junior faculty member of the laboratory. Another young scientist, 
Andrew Lang, was also working in Wooster’s laboratory where he was 
constructing Geiger counter circuits for detecting X-rays. 

There was no question of Rajam accompanying Ramachandran to 
England due mainly to the enormous travel costs and living expenses. 
Ramachandran wanted his wife to join him during his second year, but 
somehow it just did not work out. It is interesting to note that Shankar 
Dayal Sharma, who later became the President of India, was a con- 
temporary of Ramachandran, studying English literature in Cambridge 
and obtaining a doctoral degree from the same university. 

Several years earlier, another famous Indian mathematician by the 
name of Ramanujan had gone to England to work with the famous 
Cambridge mathematician Thomas Hardy. Unfortunately, Ramanujan 
became seriously ill in Cambridge and had to spend a considerable 
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amount of time in hospitals and sanatoriums. Though he returned to 
India as a Fellow of the Royal Society, he died a premature death as a 
result of his bad health which was attributed to malnutrition, 
Ramachandran’s parents were aware of Ramanujan’s story. It was well 
known at the time that Ramanujan’s health problems resulted from the 
fact that he was a strict vegetarian. Most likely this prompted 
Ramachandran’s father to advise him “to eat whatever he could get.” 
This was unusual advice coming from an orthodox Brahmin, but 
Ramachandran followed it seriously and from the moment he set sail 
for England he did not mind eating non-vegetarian food. During his 
stay in England in the years immediately following World War II, there 
was scarcity of food in general and meat in particular. Even horse meat 
was being sold. It must have been repugnant for a vegetarian to go that 
extreme. 

Ramachandran’s mentor, Sir C. V. Raman, was not very much in 
favor of his proteges going to England or the United States to work for 
a second doctorate degree. In particular with Ramachandran, who had 
already obtained a prestigious doctor of science degree, Raman felt 
that there was no need to obtain a second lesser doctor of philosophy 
degree even if it was from Cambridge University. Raman also felt that 
good science could always be done in India without having to go 
abroad. 

In Ramachandran’s own words: “In 1947 I went to Cambridge, 
England, to work in the Cavendish laboratory with Dr. Wooster. Dr. 
Taylor was the head of the crystallography group. I did not attach 
myself to any college in Cambridge and I was in Fritzwilliams House. 
I did not like to wear those gowns like the ones the undergraduates 
were expected to do. I decided to work for a doctoral degree because 
then there would be something concrete to show for my work; simply 
getting a few publications does not impress authorities in India. My 
decision may have definitely helped me in getting my first job in 
Madras, as Alladi Ramakrishnan was the only other candidate for the 
professor’s job in Madras. Not only did he not have two doctorates like 
Thad, he also had no teaching experience.” 

Ramachandran’s research in Cambridge consisted of three different 
projects— instrumentation, electronics, and the development of a 
mathematical theory to study diffuse X-ray diffraction and use it in 
determining the elastic constants of crystals. This involved converting 
the Debye-Waller theory into a suitable form for use in studying dif- 
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fuse reflections and measuring their intensities with a two-circle 
goniometer using a curved crystal monochromator. All three investi- 
gators shared this work. Dr. Wooster was in charge of the mechanical 
and instrumentation aspects of the project; Ramachandran converted 
the general theory of diffraction in a form suitable for diffuse reflec- 
tions; and Andrew Lang was responsible for the electronic aspects of 
the counting circuits for detecting X-rays on the goniometer. 

The theory led to a novel design for crystal setting to explore the 
intensity of a reflection at non-reciprocal lattice points. Because this 
was all Ramachandran’s work, Dr. Wooster asked him if he could sug- 
gest a nice Sanskrit name for these points. Ramachandran suggested 
Kiran or Rekha, both meaning “ray” as in “ray of light”, they eventu- 
ally chose Rekha to describe the diffuse scattering. This is one exam- 
ple of Ramachandran using words from classical Indian language for 
specific entities or phenomenon in physics. 

According to Ramachandran: “Going and staying for two years in 
Cambridge did a lot of good things for my research. I attended Dirac’s 
course on Principles of Quantum Mechanics. I was taking notes in 
every lecture word for word, but then I discovered that everything that 
he was saying was in a book, so I bought a secondhand copy of the 
book and used that for the lectures. Most students in Dirac’s class were 
undergraduates who were second-or-third year physics majors. He 
used matrices and tensors a lot. Later I used the same symbols in my 
mathematical treatment of logic. Whatever I tried to design for my 
experiments could not easily be implemented because there was no 
suitable engineering program in Cambridge University.” 

Following are copies of some personal letters written by 
Ramachandran to one of his close friends at the Institute, Dr. S. 
Swaminathan. Both were in the Institute in early 1945, Swaminathan 
obtained an associateship degree from the Institute at about the same time 
and went to the University of Illinois at Champaign-Urbana for his doc- 
toral research in organic chemistry. Four letters written by Ramachandran 
to Swaminathan during the period 1947-1948 are available. Selected 
parts of those letters are reproduced here with their permission. 

These letters provide the only available insight into Ramachandran’s 
life in Cambridge. The letters were all handwritten in clear and beauti- 
fully legible English, a characteristic that Ramachandran has possessed 
throughout his life. There is no ambiguity or hesitation in his writing 
either in letters or scientific articles. 
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First letter dated 24 December, 1947: 


Crystallographic Laboratory, 


Cavendish Laboratory, Cambridge 
24-12-1947 


My dear Sama: a 
a sure you will excuse me for not writing to you so far 


even though it is two months since I came here, when you 
have read through this letter. I got your reply even before I 
left Bangalore. However I lost the letter along with a nice 
leather wallet at Southampton, so please excuse me if I am 
not able to answer anything specific you have asked in it. 

I came to England on 23rd October. The voyage was 
quite uneventful. We had glorious weather all throughout 
the voyage and the sea was perfectly calm except for the last 
day. I joined the University here on 25th October. I am 
sorry to write to you that I am not at all happy in my work 
here. The Cavendish lab is supposed to be the best lab for 
Physics in Gt. Britain. The facilities are quite good, but I 
have been very much restricted by the fact that I have to 
work on a particular problem with a particular person. I do 
not know why it happened. Usually here a student on join- 
ing is asked to choose his own line,of work. Anyway I am 
trying to make the best of what is available. As a result, I 
have not been in a mood to write to anybody. I however 
decided to write to you now because I was afraid you might 
be very angry with me otherwise. . . . 

How are you getting on? Please write to me in detail 
about your work. Are you working on stereochemistry or 
some other branch? Did you try the cyclohexanone prob- 
lem? What happened to the Paludrine patent? Did you suc- 
ceed in America about it? Please write to me about every- 
thing. Have you made friends with a number of Americans? 
I find it very difficult to do so with Englishmen. It is very 
ple! i bel rai student, but not so with English stu- 
my at: mith re Be anata baton 
ee dean ee others, I find that they too find the 
doing esearch opi ain fingeto hed aie 

ying for tripos. Many of them are 
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for arts. Bengalees form the maximum number among the 
various provinces. But there are three women students from 
Madras. I have not met any of them so far—out of the seven 
Indians. Cambridge University is very fine; the whole town 
has a very cultured atmosphere. Compared with London & 
other provincial towns Cambridge is very quiet & free from 
the bustle of factories and so on. The strict formalities of 
English customs are not at all to be found here. I go to the 
lab ina gray flannel pants, sports coat and a sweater & many 
go about with corduroy pants of outrageous colors—bright 
yellow for instance. The atmosphere in the lab is very good 
in general, & I find that students are at perfect liberty to 
work as they like. At meetings and colloquia, the professor 
is not given any special respect & all take part in the dis- 
cussions without any restriction. (Unfortunately for me, the 
person with whom I am working is somewhat different and 
I have to play second fiddle to him, although I do not find 
that he knows much more about the subject than I do.) The 
meetings are very informal & I have seen some sitting on 
desks, or going out in the middle if they are bored or have 
some work to do outside. 

I hope you have got some letters from Ramaseshan 
recently. Please excuse me if I have written all about myself 
in the letter. I cannot help it. I sometimes wonder whether 
Professor Raman was not right in advising me not to come 
here. I wish to try and manage to get my scholarship avail- 
able outside Britain for next year. How much do you spend 
on the average in your place? .. . I have sent my D.Sc. the- 
sis to Madras before I left Bangalore. Please write to me 
early although I have been rather late in replying to you... . 

If you have published anything, please send me reprints, 


Yours affectionately, 
G. N. Ramachandran 
Jai Hind* 


While in Cambridge, Ramachandran had the opportunity of meeting 
Linus Pauling for the first time. This meeting was very significant for 


*This is a form of salutation meaning “Glory to India”. 


orate From Cambridge 

and Three people influenced his scientific thoughts and his 
Ramachan eae sjence: Sir C. V. Raman, Sir Lawrence Bragg, and Linus 
entire ect in a dran’s vision of chemistry had been molded by readin g 
= ae sige icles on chemical bonding. For a young 


ing’s art } 
Pauling’s books and a 
Ramachandran of 25 years, Pauling was a hero whom he immensely 


admired and even glorified. In fact his admiration of soe a paver 
unabated throughout his life. Pauling had just discovered the Fe a nelica 
structure of polypeptides and he had come to Cambridge on a lecture tour, 
The discovery of the alpha helical structure by Pauling was an important 
milestone in molecular biophysics, and a personal disappointment for Sir 
Lawrence Bragg who was also working on structures of polypeptides. The 
main reason Bragg missed discovering the alpha helix has been attributed to 
the fact that he did not utilize the chemical evidence of a planar peptide bond 
as seen in the structures of several small di— and tripeptides. Bragg was also 
unaware of the possibility of non-integral helical structures for polypeptides. 

Ramachandran was working toward a second doctoral degree in 
Cambridge and discussed with Linus Pauling the possibilities of going 
to California Institute of Technology (Caltech) in the United States, 
where Pauling was a professor of chemistry. Apparently the last date 
for submitting applications for fellowships had expired for that year 
and Pauling asked Ramachandran to apply for the fellowship the fol- 
lowing year. This never materialized and one wonders how 
Ramachandran’s life would have changed if only he had decided to go 
to Caltech to pursue his ambitions! 

While in England as a graduate student, Ramachandran visited the 
United States to attend a conference on crystallography at Harvard 
University in Cambridge, Massachusetts. Ramachandran’s second let- 
ter to Swaminathan in Illinois throws considerable light on his life in 
Cambridge and his arrangements for the trip to America. It also shows 
glimpses of Ramachandran’s sense of humor, his love. for the game of 
cricket, and his relations with his Tesearch advisor in Cambridge. 
Excerpts from that dated 22 June, 1948 follow: 
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1 St. Clements Gardens 
Cambridge 
22-6-1948 


My dear Sama: 
I was delighted to get your reply so soon. Thank you very 
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much for all the information. I am making some arrange- 
ments here regarding the return passage (from USA), but no 
success so far. ] would like you to do the following for me. 
Ask the travel agent to book me a passage to England or to 
any country in Europe like Sweden, Holland, or France any- 
time between 10th and 20th of August; if impossible the ear- 
liest after 10th August. If they can, let them also arrange the 
journey from Europe to England. If difficult I can do it here. 
Please ask them to write to me c/o Cavendish Lab, 
Cambridge by air mail as soon as they fix the passage, so that 
I can arrange to get the money paid here in Sterling, get visas 
to the countries in Europe etc. I do not still know when I am 
sailing, but most probably it will be between 10th and 20th 
July. If the American Express Co. can do anything, please 
ask them to cable to their London Office at 6 Haymarket, 
London S.W.1 regarding it, as they are trying to arrange the 
return journey for me. It will be much more pleasant for me 
if Ican be definite of the return even when starting from here. 
That is why I am cursing the India Office at London. 

Regarding the money, you need not worry as I can get my 
cheques converted into traveller’s cheques through a bank in 
London. They have written that they can do it & I intend going 
there in 3 days time. I shall write to you and to Patnaik as soon 
as I know the ship in which Iam sailing. I learn from here that 
all the ships from New York to this country have been booked 
up to end of September. So it is better to try some ships going 
to the continent of Europe. Please make this clear to the trav- 
el agents when you write to them. 

Iam very glad you hope to come to Harvard and that we 
can meet. It will be really very nice. For some reason, I feel 
that it is two years since you left Bangalore. That is why I 
asked you if you have finished your Ph.D. I do not know how 
you like preparing for exams and so on after three years spent 
on doing research. As for myself, I am not so bad as you seem 
to have got the impression. When I wrote my last letter I was 
in a very depressed mood and probably that explains it. Iam 
working as one of a group of three. We are planning a rather 
elaborate experimental setup and it has taken nearly eight 
months to make it. Just now I have started taking readings and 
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it appears to work well. So I hope to turn out some work when 
appears ! 
isit to the U.S.A. My own coworkers 


I come back from the vi ws 
are extremely nice to me. | had a wrong first impression of 


Dr. Wooster, the leader of our team. He is a nagging type of 
person, but he is very good at heart, so that one has to over- 
look his peculiarities. So far I have published one indepen- 
dent paper in the Acta Crystallographica & 2 others (joint) 
have been sent to the Journal of Scientific Instruments. By the 
way, since I wrote to you last, I have got my D.Sc. It has taken 
10 months for the results to come. The examiners were all 
from this country. G. P. Thomson was chairman. 

I met Nambeesan in December. He finds the lab not well 
equipped and he has not progressed much with his Ph.D. He 
hopes to finish the work by the end of this year. I may meet 
him when I go to London this week. I shall give him your 
best wishes. He too has not written to me although I wrote 
twice to him. Otherwise he is getting on very well indeed. 
He is quite happy. I gave him your address in December. 
R.C. Narayanan is in Manchester doing work on electron 
microscope. I met him there. He has not changed at all, 
unlike Nambeesan. More of all these when we meet. 

What is Jagannathan still doing in Stanford? Has he 
become so fond of America that he wants to stick there? Did 
I write to you that I got a letter from Chandru a month or so 
ago? No letters from Ramaseshan as yet. I hope he will at 
least write congratulating me on my doctorate. The second 
test at Lords begins day after tomorrow. My lab closes on 
Friday for a week so that I may go to see the match. It all 
depends on the India House. Still they have not fixed the 
forward passage for me. 

Tam playing cricket regularly here & I am one of the good 
bowlers of the Cavendish Lab—doesn’t speak highly of the 
Cavendish Cricket team, does it? Otherwise life is very dull 
here. I work hard so that I do not feel bored. I shall write to 
you again as soon as I know when I am sailing. If you have 
any Success with the shipping agents please write to me 
immediately. Rest in person, 

yours affly, 
Ramachandran 
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Ramachandran sailed to America on the Queen Elizabeth and visit- 
ed New York, Princeton, Washington, D.C., and Harvard. He attended 
the First International Crystallographic Conference at Harvard in 1948, 
It was the first of many international conferences which 
Ramachandran participated for years to come. 

Additional glimpses of Ramachandran’s research and his doctoral 
thesis may be seen in his fourth letter to Swaminathan written in 1949 
from Cambridge, England. Here are some excerpts: 


1 St. Clements Garden 
Cambridge 
20/2/1948 


My dear Sama: 


It is a very long time since I heard from you. In fact I 
have not received any letter at all from you since I met you 
at Cambridge (U.S.A). I hope you are getting on well. You 
must have finished your exams by now & must be devoting 
yourself wholly to research work. I am sure you must have 
done brilliantly in the exams. 

What problem have you taken up? When do you expect 
to finish the work? By the way, did you do anything at all 
about the paludrine after our talk about it? Have you got the 
patent in India? I am dying to hear from you about every- 
thing. 

As for myself, I think I have some brighter news to write. 
My work has gone on surprisingly well after my return from 
U.S.A. and I hope to be able to submit my thesis for Ph.D. 
by June, if everything goes well. As you may know already 
Iam working on diffuse reflections of X-rays. In collabora- 
tion with Dr. Wooster, I have now evolved a new method of 
determining the elastic constants of crystals by the study of 
diffuse reflections. In this method the crystal need not be 
subjected to any strain at all. What we measure is in effect 
the velocities of the thermal waves existing in the crystal in 
the form of thermal energy & calculate the elastic constants 
from them. I think I am boring you with all this. 

Have you received any letters from friends in India? I had 
a letter from Ramaseshan recently, because I wanted a spe- 


Cambridge 

him. He has profoundly apologized 

d says that it is only due to laziness 

rom Chandru that Ramaseshan 

lecturer in the Physics depart- 

o how the department is get- 
Krishnan. 


26 Another Doctorate From 
cific thing to be done by 
for not writing to me an 
and nothing else: 1 heard fr 
has been appointed temporary 
ment. T have no idea at all as ¢ 


ting on under the regime of Dr. : 
How was the winter in Urbana? Here so far it has been 


quite mild. There has been no snowfall in Cambridge till 
now. must say I have been lucky in having two successive 


winters which were not cold. 

That reminds me, what became of my colour photographs 
which I gave for development at Cambridge Mass. Were 
they sent to you? Have they come out well? Don’t worry if 
you can’t send them over to me by post. However, I would 
like to know if at least some of them have come out well. 
What happened to your photographs? If they are good, 
please send me a copy of each. 

The last time I heard from Nambeesan was some 4 
months ago. Then he was writing his thesis & was to have 
submitted it by December. I don’t know more about that. 

Please write to me a detailed letter as early as possible. 
Hope this finds you in the best of health and cheer. 


Yours affly 
Ramachandran 


; During his two years in Cambridge, Ramachandran designed exper- 
iments in X-ray diffraction which later found application in neutron 
pia From classical physics he worked out a formula for the 
cri shoe ed neutrons that not only led to a variation in the 
coin : : Sn ray, but also led to a change in the momentum. 
sete movakon ie 4 unique possibility of applying the concept of 
a mahi change of wavelengths and frequencies in the 
Pacer rie ces He realized that this was the analogue of the 
peridot ain ri of neutron diffraction. Ramachandran 
tion for the relation belo oe Pen cocoate 
teat, mandir iatien oo and momentum of a neutron 


While Ra nachandran Was w 
orking out these ideas on neutron scat 
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tering an interesting episode occurred. There was a seminar on quan- 
tum mechanics and particle physics by Professor Werner Heisenberg, 
famous for the uncertainty principle. Professor Heisenberg was stay- 
ing in Cambridge for a week or two after the seminar, Ramachandran 
wrote a two-page report of his ideas on neutron scattering and went to 
see Professor Heisenberg in his office, Heisenberg read through the 
summary and was astonished that these ideas, which were at the fron- 
tiers of theoretical physics, were put forward by someone who was not 
only a Cambridge graduate student but came from a developing coun- 
try like India. After first congratulating Ramachandran, Heisenberg 
told him, “Young man, your paper is interesting, but you are one year 
too late.” Presumably it had been worked out earlier and 
Ramachandran, not having worked actively in that field was not aware 
of those results. Nevertheless, he had thought of it on his own—com- 
pletely independently. 

Aside from science, Ramachandran found the cultural and the intel- 
lectual atmosphere in Cambridge highly rewarding. Andrew Lang 
introduced him to Western music and they both enjoyed classical music. 
‘Together they attended several chamber concerts. Ramachandran got so 
interested that he bought a used gramophone and started collecting a set 
of records of western music he had heard on the BBC. 

During the summer of 1948, Ramachandran went on a guided tour 
of Edinburgh and its environs in Scotland. The British Council had 
arranged the tour for visiting students from the Commonwealth coun- 
tries. Ramachandran selected a tour that included attending a play and 
a violin concert by the famous Yehudi Menuhin. This concert produced 
a lasting impression on young Ramachandran and he bought a large 
collection of Western classical music. This interest has continued 
throughout his life and all his children have also developed a great taste 
for Western classical music, in addition to traditional Indian classical 
music. 

Another lucky opportunity came to Ramachandran when he noticed 
an announcement on a bulletin board at the Cavendish laboratory that 
the well-known Dutch philosopher Professor L. E. J. Brouwer was 
giving a seminar on the principles of not excluding the third truth value 
Of a logical statement. He went to the seminar, which created such a 
lasting impression on him that fifty years later he worked out the 
Boolean Vector Matrix Formulation as an unavoidable consequence of 
a standard two valued state for logic. 


"i , idee 
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Ph.D. thesis we 
ge. It took less th 


is submitted in May 1949 to the 


amac ran’s I 
Ramachandran’s a oe ee 


‘versity of Cambri . 7 
See cutee his research work to wig sg teogee thesis. 
Even for Cambridge University this must have been 3 record, 
Obviously, it was possible because Ramachandran did not have to do 
any course work since he already had a doctoral degree from India. 
His handwritten thesis was titled “Determination of Elastic Constants 
of Crystals from Measurements of Diffuse X-ray Reflections.” 
Ramachandran says, “There was no time to get the thesis properly 
typed and bound, so we bought a few high-quality binders, put the the- 
sis in it, and submitted it to the University.” This research was done in 
collaboration with W. A. Wooster and A. Lang. He thanked W. H. 
Taylor and W. L. Bragg for encouragement, and he acknowledged the 
Research Scholarship awarded to him by the Royal Commissioners for 
the Exhibition of 1851. 

He was only 27 years old and he had two doctorate degrees, one 
from Bangalore, India, and another from Cambridge, England. 


1: A group photo of Ramachandran (far left) taken in Cambridge, England with his 
host family when his mentor, Professor Sir C. V. Raman (fourth from left) visited him 
in 1948. 


2: A group photo taken in the Physics Department of the Indian Institute of Science, 
Bangalore after Ramachandran joined its faculty as an Assistant Professor in 1949. 
Seated in the front row are S. Ramaseshan (third from left), G. N. Ramachandran 
(fourth from left) Chairman of the Department, Professor R. S. Krishnan (fifth from 
left) and Dr. G. Kartha (third from right). 
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3: Maharaja’s College, Emakulam, where Ramachandran had his early college education. 
His father was the Principal and a Professor of Mathematics in the same college. 


4:A i i 

a Sec tae taken in the Cavendish Laboratory in Cambridge, England in 1948 

ea oe a student (seated on the floor, third from left). He was doing 

Seas : Wooster’s laboratory for a second doctorate degree. Sir Lawrence 
irector of the Laboratory (seated third from left). 
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5: A group photo taken in 1952 showing the members of the newly created Department 
of Physics at the University of Madras. Seated in the first row from left to right are: M. 
A. Lonappan, K. S. Chandrasekharan, G. N. Ramachandran, G. Kartha, Allady 
Ramakrishnan, P. M. Mathews and M. S. Santhanam. Standing in the middle row are 
R. Srinivasan (fourth from left), and E. V. Krishnamurthy (fifth from right). Standing 
in the top row are S, Raman (first from left), G. K. Ambady (second from left) and V. 
Sasisekharan (second from left). 


in Guindy, Madras where all research 
f Madras were located. The Physics 
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7: Professors Ramachandran and John Edsall during the 
latter’s visit to Madras. 


: ee Ramachandran introduces Nobel Laureate Severo Ochoa to Sir A. L. 
_ “ the Vice Chancellor of the University of Madras. Professor Ochoa was 
ending the 1963 Symposium arranged by Ramachandran in Madras. 
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9: Professor Ramachandran introduces Professor Stanford Moore to Sir A. L. 
Mudaliar, the Vice Chacellor of the University of Madras. Professor Moore was 


attending the 1963 Symposium arranged by Ramachandran in Madras. Dr. G. Kartha 
is standing behind Sir Mudaliar. 


10: Professor Ramachandran is having a discussion with Nobel Laureate Maurice 
Wilkins during the latter’s visit to attend the 1963 Symposium in Madras. Professor 
Wooster has his back to the camera. 
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11: Nobel Laureate and Professor Sir C. V. 
(right) with a traditional Indian “Namasthe”. 


Raman (left) greets Sir A. L. Mudaliar 


12: ' 

mis a ae jet gag and some of his students on a picnic to Mahabalipuram 

eulelaae = a rom right is Dr. P. M. Mathews of the Theoretical Physics 
niversity of Madras. Third from the right is the author of this biog- 


raphy when he was Ramachandran’ 
Sl a ndran’s student. Fourth from the right is Professor 
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13: Photo taken during a visit to Ramachandran’s department by Nobel Laureate and 
Professor S. Chandrasekhar of the University of Chicago. Mrs. Lalitha Chandrasekhar 
is on the far right. 


14: Professors A. J. C. Wilson, G. N. Ramachandran and S. Ramaseshan in 


Mahabalipuram during Professor Wilson’s visit to Madras. 


2 
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15: Photo taken in Burlington House in London during the conferring of the Fellowship of the 
Royal Society to Professor Ramachandran. Standing from left to right are: M. Vijayan, Tom 
Blundell, Ramachandran, Mrs. Ramachandran, and Dorothy Hodgkin (far right). 


16: : 
ee pong seas with Professor Sir Alexander Todd, President of the Royal 
ndon. Ramachandran was receiving the Fellowship of the Royal Society. 
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4, Bangalore Again-First Job in India 


Ramachandran returned to India in June of 1949 and joined the 
Department of Physics in the Indian Institute of Science, where he had 
worked for his D.Sc. degree. C. V. Raman was no longer the director 
of the Institute. He had left and had started the Raman Research 
Institute, Just a couple of miles away from the Indian Institute of 
Science. Raman was apparently so bitter with the administrators at the 
Indian Institute that, as the story goes, he arranged to plant several tall 
poplar trees inside his new campus and then said, “You see, I don’t 
even want to see those buildings of that other Institute from my place!” 

Ramachandran was appointed an assistant professor of physics in 
charge of the X-ray diffraction laboratory, Professor R. S. Krishnan 
was the chairman of the department at the time. Some very bright 
young men, such as Radhakrishnan, Gopinath Kartha, and Y. T. 
Thathachary joined his research group. His association with Gopinath 
Kartha turned out to be extremely productive and eventually led to one 
of the most significant contributions by either man in the field of mol- 
ecular biology. Kartha was one of the first graduate students of 
Ramachandran and he determined the structure of barium chlorate 
mono-hydrate as part of his Ph.D. thesis. It is difficult to understand in 
these days of powerful computers how one could have obtained a doc- 
torate degree for determining the structure of a small molecule like 
barium chlorate monohydrate. However, it should be noted that Sir 
Lawrence Bragg got a Nobel Prize for discovering the simple laws 
governing X-ray diffraction and determining the structure of sodium 
chloride. Kartha went on to solve the structure of collagen in Madras 
with Ramachandran. When Kartha went to the United States, he was 
mostly responsible for solving the structure of ribonuclease A. He was 
also (unfortunately) responsible for attracting many of 
Ramachandran’s best students to the United States! 

The X-ray diffraction laboratory set up by Ramachandran in the 
Institute has grown over the years. Now it contains one of the strongest 
research groups in the physics department. This laboratory has pro- 
duced many well-known crystallographers and has been responsible 
for the discovery of a large number of very important structures. It 
must be a matter of great pride and immense satisfaction for 
Ramachandran to see the seed that he planted growing into such a 
colossal tree. In fact two decades later, Ramachandran returned to 
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Bangalore and started yet another laboratory that has now become the 
f the Indian Institute of Science. Oncg 


Molecular Biophysics Unit 0} 
again X-ray diffraction is an integral part of this unit, something dis. 


cussed further in later chapters. 
Life in Bangalore took on a different flavor after Ramachandran 


returned from Cambridge. S. Ramaseshan, P. S. Narayanan, R. Vedam, 
Suryan, C. Radhakrishnan (C. V. Raman’s son), and several other young 
people were at the Institute and they used to meet every Tuesday in 
Ramachandran’s house. Mrs. Ramachandran was well known among 
their friends for making the best coffee and she made it for all these vis- 
itors at their meeting. The group called itself Tau Pi Chi for Tuesday 
Physics Club. It worked well in those days because all the students were 
staying on campus in dormitories. With the hiring of Ramachandran 
fresh from Cambridge, there was a feeling that physics research at the 
Institute was entering a new era, away from the classical physics of 
Raman and Krishnan. These meetings of the younger faculty and grad- 
uate students on Tuesday evenings was not all that popular with some 
— = of the department who tried to dampen their enthusiasm. 
er Ramachandran left for Madras, those meetings ceased. 
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5. Madras and the Glorious Days 


Two years after returning fro i 
g from Cambridge i 
event took place in the life of Sethatuen toe ls Men ance 
dous consequences not only on his own career, nar oad 
ilies , but al i 
many young Scientists in India including this author. ees 

The University of Madras, one of thre ierenivewtitna] 

ith B premier universities in India 

along with Bombay and Calcutta, was set up by the British in th | 
1860s. Each university consisted of s ili iiaea-aihe 
tains everal affiliated colleges with a 

common mission to educate undergraduates. Thi j i 
amount of autonomy in wh ; Pil A ah ding 
a at ry : at they taught, and how they taught it. Each 
y was responsil le for awarding degrees after administering 
common final examinations on all subjects in these affiliated colleges. 
Mainly they awarded bachelor’s and master’s degrees in the sciences 
and the ee though some affiliated colleges had postgraduate pro- 
grams. On rare occasions students did original research and submitted 

a thesis for a doctoral degree from these colleges. 

The chief academic and administrative officer of the University 
was the vice chancellor. At that time the vice chancellor of Madras 
University was Dr. A. Lakshmanaswamy Mudaliar, a leading physi- 
cian and a great educator. He and his twin brother, Dr. Ramaswamy 
Mudaliar, a lawyer and a statesman, belonged to an aristocratic fam- 
ily. Lakshmanaswamy Mudaliar was one of several Indians who had 
been knighted by the king of England. Sir A. L. Mudaliar was an 
individual with an outstanding vision, imagination, and foresight; he 
knew how to recognize and reward merit when he saw it. He also had 
an enormous clout with the national politicians and other academi- 


cians of the time. 
Influenced by the name and fa’ 


Mudaliar decided to start a postgra 
physics at the University of Madras. He requested that Raman come 


to Madras as a professor and head this department. He could have any- 
thing he wanted, financially and administratively. Professor Raman 
was then director of his own Raman Research Institute in Bangalore, 
which later became a center of excellence for outstanding research in 


liquid crystals and astrophysics. rn 
Raman wrote to Mudaliar that while he himself was unable . 

accept the offer to head the physics department, he would eee 

someone with great promise, excellent scholarship, as g00¢ as e 


me of Sir C. V. Raman, Sir A. L. 
duate department in experimental 
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erably younger than himself. The 


none other than G. N, 


(if not better), and who was consid 
from England and was in the 


person Raman recommended was 


just returned 
amachandran, who had jus J i 
aos of setting up his research at the Indian Institute of Science, 


Thus began an exceedingly productive career for Ramachandran in 
Madras and a lasting friendship founded on mutual respect and admi- 
ration between G. N. Ramachandran and Sir A. L. Mudaliar. 

When Ramachandran came to Madras in October of 1952 as the 
first professor and head of the department of physics at the University 


years old. It was an extraordinary appoint- 


of Madras, he was just 30 ) extra 
ment, especially for this highly conservative university. The story goes 
that a scholarly gentleman who lived in Madras heard about the arrival 


of the new professor and wanted to meet him. He went to 
Ramachandran’s residence and when Mrs. Ramachandran opened the 
front door, he asked her if her father was at home as he wanted to meet 
him. She apparently replied that her father was at his home in Bombay. 
The embarrassed visitor had assumed that the young lady who opened 
the door was the new professor’s daughter for he never expected that 
the Professor could have such a young wife. Supposedly the visitor 
reported this incident to a mutual friend, Mr. C. S. Iyer, father of 
Professor S. Chandrasekhar of Chicago University, and speculated that 
the lady who opened the door for him was the physics professor’s wife, 
perhaps of a second marriage. C. S. Iyer convinced the visitor that he 
knew Mr. Shankara Iyer, Rajam’s father, very well and he would not 
give his daughter for a second marriage, so the new physics professor 
was indeed very young and had a young wife too. 

The Department of Physics at the University of Madras started with 
two faculty members, one in experimental physics and one in theoret- 
ical physics. The latter appointee was Alladi Ramakrishnan who had 
just obtained a Ph.D. from the University of Manchester in England. 
He came from an influential aristocratic family; his father was Sir 
Alladi Krishnaswamy Iyer, a famous constitutional lawyer in Madras 
and one of the principal architects of the Indian constitution, In fact 
the Indian constitution was partly written at his house in ‘idling, 
which is now occupied by Professor Alladi Ramakrishnan 

Alladi Ramakrishnan met Sir. A. L. Mudaliar in G ; ied 
to convince him that there should be a se; Sages 
joa phsicviin the Univers Parate department of theoret- 
aa ‘ tity of Madras in addition to whatever other 

‘partment Mudaliar was planning to start. Ho i i 

- However, Mudaliar decid- 
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ed that it was better to have just one department with a division of the- 
oretical physics. As it turned out, Alladi was the first to join the depart- 
ment in April 1952. Though Ramachandran was the first to be appoint- 
ed as professor of experimental physics, he actually joined six months 
later. Thus, in reality, Alladi Ramakrishnan was the founding member 
of the department. 

At that time, the physics department was located ina single room in 
the main building of the university on the famous Marina beach in 
Madras. Alladi Ramakrishnan feels that if it were Cambridge or 
Oxford University in England, they would have preserved that room— 
as the original location of the physics department—as a historical site. 

Six months later Ramachandran arrived as the head of the physics 
department. His laboratory was located at the Alagappa Chettiar 
College of Engineering Technology complex in Guindy, a suburb of 
Madras, where a large spacious room was allocated for theoretical 
physics. Eventually the A. C. College campus became the site of sev- 
eral other science departments of the University. 

Ramachandran brought with him at least two people from the Indian 
Institute of Science—Gopinath Kartha and Y. T. Thathachary came as 
postdoctoral fellows. Three graduate students, M. A. Lonappan, K. S. 
Chandrasekharan, and S. Raman, joined the laboratory during the first 
year. According to Ramachandran, “Gopinath Kartha was my first and 
best post doc I ever had. K. S. Chandrasekharan and M. A. Lonappan 
joined me for doing their Ph.D. degrees; the former came from the 
Atomic Energy Commission and promised to continue with me even 
after getting his Ph.D. Lonappan found out that he would not be pro- 
moted in an Ernakulam college without a doctoral degree. P. M. 
Mathews joined Alladi Ramakrishnan in July of 1952, unfortunately I 
joined the department in September of 1952, I wish I had come in July 
so I could have had Mathews for my student, I feel very bad about not 
having Mathews as my student.” These initial founding members of the 
physics department have gone on to make exemplary contributions in 
the field of X-ray crystallography and have become leaders in their 
own right in biophysics at other centers in India. ; 

Within a few years, Ramachandran’s laboratory acquired several X- 
ray generators. Students were being admitted for research leading tov 
doctorate degree, but it was felt that the standards and the plete 
for students coming out of the affiliated colleges were rather inade- 
quate. Therefore, it was decided that there should be an M.Sc. course 
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dmitted for the doctoral progra 
program. At leag 


in the beginning Ramachandran did not believe that separate sup 
was necessary for courses in theoretical physics, but he allowed Aten 
Ramakrishnan to go ahead and start the M.Sc. courses he ae 
Thus, concurrent lectures on X-ray crystallography and i 
physics were planned, and students could get a master’s ooeet | 

n 


either field of study. 


as a prerequisite for anyone a 
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Ramachandran continued the work on X-ray crystallography that he 
started at the Indian Institute of Science. An important turning point in 
his scientific career occurred when Professor J. D. Bernal visited 
Madras during late 1952 and early 1953. Bernal, a professor at the 
Birkbeck College in London, was one of the most respected crystallo- 
graphers in England. He was regarded by many as a genius and 
respected as a saint. Says Ramachandran: 


I was tremendously influenced by Pauling’s discovery of the 
alpha helix in 1951, and wanted to work on some biological 
problems. Even when I was a student in Raman’s laborato- 
ry, two books on Raman’s shelf attracted my attention and 
left a profound impression on me. They were The Nature of 
The Chemical Bond by Linus Pauling and Natural and 
Synthetic High Polymers by Kurt Meyer. So when Bernal 
visited Madras I asked him for advice. He said that he was 
familiar with the work in structural biology in Cambridge 
and London and asked me if I had read about collagen. He 
said that he was not at all satisfied with any model proposed 
for its structure at that time. The only polypeptide structures 
known at the time were those for the silk fiber (beta sheet) 
and of course the alpha helix. Cellulose was another macro- 
molecule whose structure was also known. 

In fact Bernal pointed out that we could get a specimen of 
collagen from our neighboring Central Leather Research 
Institute [CLRI]. There was also the biochemistry depart- 
ment of the University of Madras where Professor 
Damodaran, head of the department, and his student L. K. 
Ramachandran were working on the biochemistry of fish 
collagen. Unfortunately, the specimen did not give a good 
X-ray diffraction pattern. So we asked Dr. Nayudamma, the 
director of the CLRI, for some kangaroo tail-tendon colla- 
gen. He got it for us from Australia.” 


At this point it is useful to briefly review the developments in struc- 
tural molecular biology, especially as it existed during that period. 
One of the most important, universally accepted dogmas in molecular 
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biology is that “structure deter 


logical molecules, organelles, 
the cell and their structures deter 


mines function.” This is true for all bio- 
and cells. Proteins perform a variety of 
mine their functions. Four ley- 
d for proteins: Primary structure refers to the 
in proteins; secondary structure defines 


the spatial arrangement of a small number of amino acids that are near 
one another in the linear sequence; tertiary structure refers to the three- 
dimensional arrangement of all amino acids in a protein; and finally 
the quaternary structure defines the spatial arrangement of subunits in 
proteins. X-ray crystallography has. been used successfully to deter- 
mine structures of small molecules. Bernal and one of his illustrious 
students, Dorothy Crowfoot Hodgkin, had suggested that the same 
technique could be used to determine the tertiary structure of proteins. 

In 1951, Pauling described the alpha helix as a stable form of sec- 
ondary structure in proteins. This was done long before any concrete 
experimental evidence was available for any protein structure. The first 
protein structure that clearly showed alpha-helical segments was myo- 
globin, whose crystal structure was determined in 1953 by John 
Kendrew and his coworkers in Cambridge, England. In 1953, James 
Watson and Francis Crick made the momentous discovery of the dou- 
ble-helical structure of deoxyribonucleic acid, or DNA. DNA is made 
up of four nitrogen- containing compounds called bases: adenine, cyto- 
sine, guanine, and thymine. Each base is connected to a backbone 
structure made up of a repeating sequence of a sugar and a phosphate 
group. An important feature of the actual structure, and perhaps the 
most significant contribution by Watson and Crick to molecular biolo- 
gy was the idea of base pairing in DNA—adenine always pairs with 
thymine and cytosine always with guanine. This concept revolution- 
ized modern molecular biology. 

In England and in the United States a number of distinguished crys- 
tallographers and leaders in the field were working for over two 
decades on structures of fibrous proteins. The most important centers 
of fiber research were Leeds, London, and Cambridge in England and 
the Massachusetts Institute of Technology (MIT) in the United States. 
William Astbury, famous for his work on the structure of silk and ker- 
atin fibers (hair), was a professor in Leeds and was the undisputed 
an ne emer of fibrous proteins. As Richard Dickerson 
lagen: “W. T diate extraordinarily informative review articles on col- 

nM As ury was a man who had the gift of seeing castles 


tasks in 
els of structures are define 
linear sequence of amino acids 
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where others saw bricks.” 

The second group was at King’s College, London, headed by Sir 
John Randall, who had a large number of young scientists working on 
various biological molecules. Among them were Maurice Wilkins and 
Rosalind Franklin who were working on the structure of DNA. 

Then there was the nucleus of what was to become the renowned 
Medical Research Council Laboratory of Molecular Biology in 
Cambridge, spearheaded by none other than Sir Lawrence Bragg. 
Bragg had assembled a group of very bright young scientists including 
Max Perutz, John Kendrew, Francis Crick, James Watson, David 
Phillips, Richard Dickerson, and Alexander Rich, all of whom were 
deeply involved in deciphering the structures of all sorts of biological 
molecules. Watson and Crick had already succeeded in unraveling one 
of the most fundamental mysteries in molecular biology when they 
used X-ray diffraction to discover the structure of DNA. Crick, 
Cochran, and Vand had developed the theory of diffraction by helical 
structures, a major theoretical breakthrough in the analysis of fiber X- 
ray diffraction. Rich and Crick were already building models of colla- 
gen and related polypeptides. 

In the United States, Richard Bear was working on collagen and 
other fibrous proteins at MIT in late 1940s. His diffraction photographs 
of collagen were some of the earliest available and formed the basis for 
many structures that were being proposed. 

It was under these circumstances that Ramachandran and Kartha 
ventured into the study of collagen and within two years came up with 
a molecular structure that was totally innovative and contained several 
extremely elegant features. They were the first to propose a “triple 
coiled-coil” structure for collagen. Even after four decades this struc- 
ture is still accepted as the correct model for collagen. In fact, when 
Ramachandran and Kartha published their first paper on collagen in 
1954, the British scientists working on fiber structures had never heard 
of these two Indian scientists, much less that they were working on the 
structure of collagen (A. C. T. North, personal communication). — 

Collagen, one of the more abundant mammalian proteins, 1s a 
fibrous protein as opposed to a globular protein. It forms long fibers 
and is insoluble in water. Globular proteins on the other hand are 
smaller in size and are shaped like a sphere or ellipsoid. Collagen isa 
major component of bone, tendon, cartilage, and teeth and gives struc- 
tural integrity to the animal. X-ray crystallography is the only method 
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an X-ray crystallographer and was more than 
ed to undertake the determination of <a struc. 
ture. Professor Bernal had drawn his attention to > many’ different 
unacceptable models reported in the literature by suc pioneers in this 
field as Astbury, Pauling, Corey, Randall, and — Section 
All proteins are made up of amino acids linke ool er “ what is 
known as a peptide bond. An amino acid has a central carbon atom, 
known as an alpha carbon atom, connected to four different chemical 
groups. Three of the four groups are identical in all amino acids: (1) a 
hydrogen group (— H); (2) an amino group (— NH,*); and (3) a car- 
boxylic acid group (— COO’). The fourth group, called the side chain, 
contains different sets of atoms in different amino acids. Some amino 
acids are well known as supplementary nutritional components in our 
food, All naturally occurring proteins in this world are made up of 
twenty different kinds of amino acids. Several hundred amino acids of 
the twenty different kinds are linked together to form a protein, also 
called a polypeptide chain. The sequence of the twenty amino acids in 
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Collagen 47 
any protein is determined by the sequence of four different kinds of 
nucleotides in the gene, which is a molecule of deoxyribonucleic acid, 

Collagen has some unusual chemical properties; it is a protein made 
up of three separate polypeptide chains held together by covalent and 


non-covalent interactions. These chains form the long insoluble fi 


bers of 
collagen. Each chain has a special amino 


acid composition. Nearly one- 
third of all amino acid residues in collagen is glycine, the smallest of all 


amino acids found in proteins. The side chain of glycine consists of a sin- 
gle hydrogen atom. All remaining nineteen amino acids found in proteins 
have more atoms in their side chains. The second most abundant amino 
acid in collagen is called proline and a modified form of proline called 
hydroxyproline. In fact, nearly a quarter of all amino acids in the three 
chains of collagen consists of proline and hydroxyproline. Proline itself 


trans-Peptide Group 


CA CA 


cls-Peptide group 


Figure 2: Trans and cis peptide groups. The bond connecting the Carbon and one 
atom is called the peptide bond. CA stands for the C alpha atom of wie Pa 
trans peptides the oxygen attached to the carbon and the hydrogen - a a 
gen are on opposite sides of the C-N bond. In cis peptides they are both on i 
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ke all other amino acids, the last cap. 


le chain of proline forms a chemical bond with the 
amino group that is attached to the alpha carbon 
atom, forming a ring structure. This makes apes arr very rigid, 

No other naturally occurring protein has such a a e eat acid 
composition. All investigators working on the struc ee of collagen 
knew that its unique amino acid composition must somenow influence 
its three-dimensional structure, which in turn determines its function, 
namely to provide structural integrity to vertebrates. ; 

In the cell the gene coding for collagen is transcribed into a messen- 
ger ribonucleic acid (RNA) which is translated into a protein using a 
universal genetic code. The protein-synthesizing machinery of the cell 
incorporates proline in appropriate locations in the growing collagen 
chain. After the polypeptide chain is synthesized, an enzyme called pro- 
line hydroxylase attaches a hydroxyl (— OH) group to a specific car- 
bon atom of some selected prolines converting them to hydroxypro- 
lines: This process is known as “posttranslational modification.” The 
proline hydroxylase enzyme requires vitamin C or ascorbic acid for its 
proper function. Absence of vitamin C in our diet results in a malfunc- 
tion of the proline hydroxylase enzyme producing an inadequate for- 
mation of hydroxyproline and defective collagen. This is the cause of 
the disease known as scurvy that affected many sailors in olden times, 
who did not consume fresh fruits or vegetables while at sea and so did 
not receive an adequate supply of the required vitamin C. 

A second experimental observation was based on infrared spec- 
ee of collagen fibers. The conclusion was that collagen structure 
a cis pote bonds, instead all are trans peptide bonds. 
zene ens lem ond ome hen wo ann ecm 
oid wipes bead . ‘ae ede combines with a third amino acid 
the peptide bond are the he ee pier i eli iekensiper bee 
Sitio: aciaeanl dhe-va n of ¢! carboxylate group of the first 

nitrogen of the amino group of the second amino 
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Academic Press. According to Dickerson, 


and more trial structures connected with 
fibrous protein, and to trace the evolution 
to trace the evolution of fibrous protein c 

To trace the evolution of fi 


“There have been more work 
collagen than with any other 
of the structure of collagen is 
rystallography in miniature.” 

f brous protein crystallography it is neces- 
sary to understand some basic principles of X-ray structure determina- 


tion. Some molecules form single crystals and some molecules form 
long fibers. Sodium chloride, sucrose, and copper sulfate are examples 
of small molecules that form single crystals. Even large protein mole- 
cules like myoglobin and hemoglobin can be manipulated to form sin- 
gle crystals. Hair is made up of a protein that forms long fibers like col- 
lagen or DNA. There is a fundamental difference in the methods used 
to determine structures of single crystals and fibers. 

When single crystals or fibers are placed in a powerful beam of X- 
rays, they give rise to what is known as a diffraction pattern, which is 
characteristic of the structure of the molecule present in the crystal or 
in the fiber. The diffraction pattern is usually recorded on an X-ray 
film. When the film is developed, a single crystal diffraction pattern 
will show a number of dark spots. These are called “reflections” 
because they may be interpreted as arising from reflection of X-rays 
from planes of atoms in the crystal. 

Molecules are arranged in a highly ordered three-dimensional lat- 
tice in single crystals. On the contrary, in fiber specimens, the mole- 
cules may all be arranged parallel to one another on individual bundles, 
but the orientation of the bundles with respect to one another may not 
be the same throughout the specimen. As a result fiber specimens give 
diffuse or smeared reflections in their diffraction pattern, as opposed to 
extremely sharp reflections obtained from single crystals. This has 
serious consequences for the methods used and the results generated, 

The spatial distribution or the distance between the reflections in a 
diffraction pattern depends upon the spatial arrangement of molecules 
in the lattice of the crystal or fiber. However, the actual structure of the 
molecule or the exact three-dimensional arrangement of all atoms in 
the molecule of the compound determines the distribution of the inten- 
sities in the various reflections of the diffraction pattern. 

A single crystal specimen usually gives rise to many more Lael 
tions in its diffraction pattern than a fiber specimen. The intensities o 
all such reflections are used to calculate a distribution of electron den- 
Sity in the molecule of the crystal. Since electron density has large val- 
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ly where atoms are present, the positions of peaks in the electron 
ues on atoms 


: : sitions of atoms in the three-dimen. 
density map wall oe os diffraction analysis of single 
sional structure © ‘. hysical method that is capable of revealing the 
crystals is the only biop' nys aeeataarins 
Ei A armel such a calculation is not possible 
sean the insufficient number of reflections in its diffraction pat- 
tern, and different strategy is used to determine their structure. Most 
fibrous proteins form helical structures. The spatial arrangement of 
reflections in a fiber diffraction pattern may be used to calculate vari- 
ous parameters of the helical structure, such as its radius, pitch, and the 
vertical height between repeating units of the helix. These parameters 
are used to build a model of the molecule of the fiber. The spatial coor- 
dinates of all atoms in the model are then measured. The structure of a 
fibrous protein derived in this fashion is less unique and less accurate 
than that of a crystalline protein because the model is not directly 
based on an actual distribution of the electron density. 

Once the structure of a molecule is determined, it is possible to use 
the positional coordinates of all atoms in the structure and calculate the 
intensities of all reflections in its diffraction pattern. The calculated 
intensities are compared with those measured experimentally. If there is 
good agreement between the two, it may be concluded that the proposed 
three-dimensional model for the structure is most probably correct. 

Collagen from any source exhibits an extensive and well- developed 
wide-angle X-ray diffraction pattern, and most forms of collagen show 
a characteristic well-defined small-angle pattern as well. The former 
can be used to determine the structure of the molecule at the atomic 
and molecular level and the latter has been used along with electron 
microscopic data to discover how the molecules aggregate into fibers. 

Ramachandran and his student Gopalakrishna Ambady, in a paper 
hg in Current Science, presented the main features of the wide- 
cee nc tem of colin, Thre wer sri 
each with a pair of off - ‘dln ip wpe ie lines a 9.5 and 44, 
equator around 4.5A oe Sous braless ideas ant 
clouds of optical density sive anil b aaa * ne neon an 
component at about 4.5A and Extender ns att ae 2 . a 
very dense moisture sensitive equat ‘ad an id 4.0A layer line; an 

Analysis of the quatorial reflection at about 1 1A. 

Sequence of peptide fra hown 
igments of collagen had s 
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that tripeptides of the type poe 
Gly.Pro.Hypro and Gly(Pro_ or 
Hypro). Gly were very common, In 
general glycine was evenly distrib- | 
uted and was usually clustered in | 
certain peptide fragments, whereas 
proline and hydroxyproline were 
unevenly distributed. The conclu- 
sion of such studies was that every 
third residue in collagen was prob- 
ably glycine, but that any model 
would have to accommodate 
sequences of the type .Gly.Pro.R. 
and .Gly.Pro.Hypro. 

The first paper on collagen by 
Ramachandran and Kartha appeared 
in the August 1954 issue of 
Nature, the highly reputable 
London-based journal. The 
authors submitted this paper less 
than two years after they started 
their research on collagen, and 
the editors of the journal pub- 
lished the article five months after 
they received it. The proposed 
structure consisted of three 
polypeptide chains arranged in 
the form of cylindrical rods in a 
hexagonal array. The amino acid 
residues in each polypeptide 
chain formed helices of pitch 
9.5A, and contained three 
residues per turn. The amino ; 
acids showed what is called a 3, : , en nen ee 3b 


Figure 3a: X-ray diffraction pattern from collagen. The pattern is taken with the col- 
lagen fiber mounted at an angle to the incident x-ray beam. . . 
Figure 3b: Optical diffraction pattern produced by the triple helical collagen pape 
This is produced by shining visible light through a two-dimensional mask or 
tiny holes are punched at atomic positions of a projection of the collagen structure. 
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Cy (6), Ca (15) 


Cy(3), Cgll2)Y 


C(0),C3(9) 


C2(6),C5(15)O 
Figure 4: Schematic diagram of the prototype collagen structure consisting of three 
helical chains standing side by side. The a-carbon atoms are indicated by circles and 
the peptide units by straight lines joining them The heights of the atoms in Angstroms 
along the helical axis are indicated in brackets. 
symmetry, which occurs when an object repeats itself after a rotation 
of 120 degrees followed by a translation of one-third the unit repeat 
distance which in this case is about 3.17A parallel to the rotation axis. 
The three chains forming the cylindrical rods were. held together by 
hydrogen bonds. Two of the three NH groups in each turn of a chain 
were linked by hydrogen bonds to an atom of oxygen in each of the 
other two chains, the NH...O distance was 2.8A. The third NH group 
pointed outward from the cylinder and this nitrogen atom formed part 
of a proline ring. This helix was completely different from the alpha 
helix discovered by Pauling and Corey, in which the hydrogen bonds 
were formed within the helical polypeptide chain. Ramachandran and 
Kartha’s paper gave the first clue to the scientists in the collagen field 
rh aoe ere ala were working on the structure of 
ee Sea Zs te er author had ever presented their results at 
Their structure also Sitfe “Ate oo : 
proposed by Pauling and Con Src eee ean wicela) ss ell 
first to propose st wid ata aa 272, 1951). They were the 
Prebose structures with helical cylinders packed ina hexagonal 


lattice. They assumed that ; 
. two out of every t i d cis 
peptide bonds and each chain would hav 2 a rae 


i € nine cis-cis- triplets. As 
n the Ramachandran Structure, the hyd STiPanS ID 


rogen bonds were between the 
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lengths and angles. Two out of 
were formed. Defects in this 


chains. The model exhibited good bond 
every three possible hydrogen bonds 
model however were numerous, as for example the presence of a large 
number of cis peptide bonds. Pauling’s collagen structure was wrong; 
nevertheless, it marked an 'mportant advance in being based firmly on 
helix diffraction theory and in giving the best agreement yet between 
the observed diffraction pattern and that calculated from the model. 

In 1954, Francis Crick (J. Chem, Phys., 22, 347) set out to satisfy 
the criteria of the helical structure and proposed a left-handed two- 
chain helix. Each chain had two residues per 2.9A, one of the amide 
planes was perpendicular to the helix axis and the other one was par- 
allel. Each perpendicular amide was hydrogen bonded to its corre- 
sponding member across the two-fold axis. This was one of the first 
structures to give good qualitative agreement with the entire diffraction 
pattern. The optical transform of this model compared well with the 
collagen diffraction pattern. But like all its predecessors this structure 
too had crippling faults: 

1. The quantitative agreement between the diffraction pat- 
tern calculated using the structure and that observed experi- 
mentally was very poor. 

2. All amides were in the cis configuration, whereas infrared 
studies suggested that only the trans configuration was pre- 
sent. 

3. There were rather close interatomic contacts. 

Thus two models for collagen appeared in 1954: Ramachandran and 
Kartha’s model consisted of cylindrical “ropes”, each rope containing 
three separate helical chains, stacked in a hexagonal array and con- 
nected by hydrogen bonds. The second model proposed by Francis 
Crick consisted of a two-chain left-handed helix in which peptides 
were in a cis configuration. . 

In the mean time, Gopalakrishna Ambady, a graduate student in 
Ramachandran’s laboratory obtained very clear diffraction patterns 
from stretched collagen fibers in which the specimen was placed at an 
angle to the incident X-ray beam instead of being perpendicular. The 
new diffraction photograph taken by Ambady confirmed an ee 
observation by the King’s College group that a teflection at _ 
Spacing was indeed along the meridian. A reflection on the meri we 
measures the periodicity along the axis of the fiber. Ramachandran ani 
Kartha’s model however failed to explain this reflection, which was 
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them as due to an overlap of two non-meridional reflec. 


e meridian. 
“an and Kartha had to revise their first 


fact that the structure was unmistak- 
dues. The helix in the first structure 
’s X-ray data indicated that the 
Fractional number of residues 


interpreted by 
tions on either side of th 
In view of the above, Ramachandr 
structure. They were influenced by the 
ably helical and contained only trans resi 
contained 3 residues per tum, while Ambady 
helix should contain 3.33 residues per turn. 


Figure 5: A single chain having approximately 31/3 residues per turn. 
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Figure 6: Three 
: such chains put side by si 
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helix. 
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in one tum in the present case was the same as 10 residues in 3 turns. 

Ramachandran and Kartha published a second Paper incorporating 
arevision of their first structure in the September 1955 issue of Nature, 
nearly four months after it was received by the journal's editors. The 
implication of this delay in publication will become clearer later in this 
chapter. 

This turned out to be a seminal Paper in the field of collagen struc- 
ture, because for the first time the authors presented a totally new con- 
cept for the structure of collagen. They introduced the idea of a “coiled 
coil”; a motif that has remained unchallenged for the past four decades. 
The structure explained almost all the experimental observations on 
collagen. 

This revised structure contains three polypeptide chains, each chain 
arranged in the form of a helix. The three chains, instead of being 
arranged with their axes parallel to the fiber axis as in their first struc- 
ture, are now allowed to form a second helix. The resulting architec- 
ture is described as a “coiled coil.” Thus every third alpha carbon atom 
is placed on the surface of a cylinder of radius 1A, the successive ones 
being displaced by 8.58A along the axis of the cylinder and rotated 
through an angle of 36 degrees about that axis. The coiled coil repeats 
itself after thirty residues with a repeat distance of 85.8A along the 
fiber axis. The three chains are symmetrically disposed with respect to 
one another. 

Thus each collagen chain may be described as consisting of a minor 


Figure 7: Coiled-coil form of a polypeptide chain having approximately 31/3 residues 
per turn. 
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Figure 8: Three such coiled-coil chains put side by side. Note that the o&-carbon atoms 
1, 4, 7, etc., all occur on the inside of the triple chain. This scheme is the basis of the 


collagen triple-helical structure. 


Figure 9: Th i i i 
gu € detailed atomic arrangement in the coiled-coil triple chain structure of 


collagen. Note the occurrence of two and one ydrogen bo! 
f t NH...O and CH...O hyd: bonds for every 
three residues, 


heli : . , 
tne a residues in three turns and a vertical rise of 2.91A per 
ng the fiber axis. This is wound to form a major helix of 


a directi F per turn. The major helix is wound in 
On Opposite to that of the minor helix, ee is like a left-hand- 


of the L-type*. Thus, while the thirty 
Coordinate system of the minor helix, 


Collagen 57 


they make ten turns in the coordinate system of the major helix; this 
ensures that every third residue is similarly situated with respect to the 
fiber axis. 

The coiled-coil structure makes two types of interchain N-H... 
O hydrogen bonds, repeated uniformly by the screw axis symmetry. 
The N ... O distance is about 2.9A and the angle between NH and N 
_..O directions is about 30 degrees. (This angle would be zero if N, 
H, and O are collinear.) 

Two of every three NH groups in one turn of a major helix are 
hydrogen bonded to an oxygen atom of a CO group in a neighboring 
helix, but the two oxygen atoms to which they are linked are con- 
tributed by different amino acids. Thus, of every three carbonyl oxy- 
gens only one does not take part in internal hydrogen bonding in the 
triple chain cylindrical rods. This oxygen atom points outward from 
the rod and plays an important part in cross-linking of the rods by side 
chains. Every third residue must be a glycine and a maximum of one 
third of the residues may be proline or hydroxyproline. 

One major consequence of this model is that the 2.8A reflection 
would be meridional as indicated by Ambady’s diffraction pattern and 
the only other meridional reflections are from its higher orders. The 
intensity distribution along the equator and the repetitive unit along the 
fiber axis agree well with the observations of Ramachandran and 
Ambady. The oxygen atom of hydroxyproline is nearly as far away 
from the axis of the cylinder as is possible. Thus, internal hydrogen 
bonding of the OH group in hydroxyproline is ruled out. These groups 
take part in linking the cylindrical rods with one another; the hydrox- 
yproline OH group in one rod is nearly at the same level as the exposed 
non hydrogen-bonded-carbonyl oxygen of the neighboring rod so that 
they could be readily linked by an O-H.... . O hydrogen bond. 

“If the coiled coils described above are simply put together in a 
hexagonal array, then only some of the hydroxyproline OH groups are 
bonded to carbonyl oxygens of neighboring rods. However, a very 
slight change in the pitch of the major helix is sufficient to make the 


*The four groups on the alpha carbon atom of an amino acid are arranged in 
a specific order for an L amino acid. An alternate arrangement produces a D 
amino acid. L and D amino acids are mirror images of one another. All natu- 
rally Occurring proteins in this world are made up of only L amino acids, 
although D amino acids are found in various smaller biological polypeptides 
and bacterial cell walls. 
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ee above paper by Ramachandran and Kartha raised several eye. 
cally the structure was sound and explaineg 


brows in England. Basi und 
most of the experimental results. Several pioneering investigators of 
the time must have wondered how they missed such a logical concept 


as acoiled coil structure and must have been dismayed at not being the 
first to propose such a motif for the structure for collagen. They were 
still toying with cis and trans peptides and two helices like in the DNA 
structure. Without doubt this single idea of a coiled-coil led to a major 
triumph in the elucidation of the correct structure of collagen. 
Ironically, it was also the beginning of a minor controversy and a major 
disappointment for the Madras group in general and Ramachandran in 
particular. 

Alexander Rich and Francis Crick published their version of the 
structure of collagen in the November 1955 issue of Nature, within two 
months of the publication of Ramachandran and Kartha’s paper. They 
stated in very forthright language that the actual structure proposed by 
Ramachandran and Kartha “was wrong.” Interestingly this paper 
appeared in print within a month after it was received by the editors of 
ape ses it took the same editors almost four long months to pub- 

h Ramac andran and Kartha’s paper that contained the original 
coiled-coil structure of collagen. 

To quote from the Rich and Crick paper: 


ib tear on Ramachandran and Kartha have made an 
for ‘ollapen, Stee by proposing a coiled-coil structure 
the actual struct elieve this idea to be basically correct but 
Their structure ann Suggested by them to be wrong. 
having sapkeiderarele of three polypeptide chains, each 
chains slowly ‘ind y three-fold screw axis. In addition the 
thus reproducin th around each other to form a coiled coil, 
Major helix j, & the observed non-integer screw axis. The 
S Tight-handed, the minor one left-handed. 
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Each chain is held to its neighbors by two sets of systemat- 

ic hydrogen bonds. The allowed sequence of residues is -G- 

R-P-G-R-P- etc., where G implies glycine only, R implies 

any residue except proline or hydroxyproline and P implies 

any residue, but usually proline or hydroxyproline. 

We believe this structure to be wrong for two reasons: 

(1) It is stereochemically unsatisfactory. In particular there 
isa very short Ca—Co. contact of 3.3A (normally 3.6 to 
4A) and an extremely short Co—O contact of 2.6A (nor 
mally 3.2 to 3.5A). In addition, the hydrogen bond angles 
are on the outside limit of the values usually found. 

(2) It is not compatible with recent work on the amino acid 
sequence which shows that gly-pro-hypro- is a common 
sequence in collagen. 


In the same paper Rich and Crick proposed two alternate models for 
collagen, which they designated as structure I and structure II. Both 
have a right-handed major helix and a left-handed minor helix, as in 
Ramachandran and Kartha’s structure. There is only one set of sys- 
tematic hydrogen bonds linking neighboring chains. In structure I the 
NH group points counterclockwise when viewed from the carboxy] 
ends of the chains and in structure II the NH group points clockwise. 

Again to quote Rich and Crick: 


These two structures are thus similar to that of 
Ramachandran and Kartha in being three chain coiled-coil 
structures; but they differ in having only one set of system- 
atic hydrogen bonds instead of two. Moreover they are both 
stereochemically completely satisfactory. 


They conclude that (1) no structure with two systematic sets of 
hydrogen bonds is stereochemically possible; and (2) no other struc- 
ture with one systematic set of hydrogen bonds is stereochemically sat- 
isfactory except the two described by them. Neither were they able to 
invoke additional hydrogen bonds in structures I and II in a convincing 
manner. 

When the results presented in a journal article are disputed by 
another group of authors in a manuscript submitted to the same Jour- 
nal, especially within a period of six or seven weeks, it is customary 
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authors of the first paper to answer the crit. 


: ; simultaneously with the seco 
icisms and publish their mon Sie-secondl parler was Very, on 
papeiieven ede ce atts of Nature did any such thing. The 
ee of the second paper were probably ina a re publish their 
results and just could not wait to give a chance for the first authors to 

ir criticisms. ; 

gine scientific standards the tone of Rich and Crick’s 
paper describing the two-bonded structure to be wrong” was clearly 
unfair, though the structure may have required modifications. The 
major difference between the two groups is in the number of hydrogen 
bonds and some short distances between non-bonded atoms. There was 
absolutely no direct experimental evidence at the time for the actual 
number of hydrogen bonds in the collagen structure. : 

Interestingly Alex Rich and Francis Crick wrote a detailed letter to 
Ramachandran on 1 November 1955, even before their own collagen 
paper appeared in Nature. The tone of that letter was much less critical 
than their paper which would appear just eleven days later. Rich and 
Crick write in that letter: 


for the editors to invite the 


. .. However we feel that your type of structure is on the 
right lines, and that the collagen problem has changed com- 
pletely as the result of your work. . 

We also feel that perhaps in your model building you are 
being too rigid in insisting on exact equivalence, and espe- 
cially on exact coiled-coiling, especially as there is only one 
set of systematic hydrogen bonds to restrain the structure. . . 


Pte yi even before the Rich and Crick paper appeared in Nature, 
: ve ran and Kartha published a detailed paper in the 
oe = of the Indian Academy of Sciences (Vol. A42, 215, 1955). 
rire this ~ done to avoid the kind of delay that they were 
fe cat Po publishing in Nature and to hasten the release of the 

of their new structure. Ramachandran and Kartha were 


indeed aware of the sho 
rt carbon-o i i 
and Crick, explaining it as Siew ll 


The last 
shetty nen between Carbon | and an oxygen) is con- 
er than the carbon-oxygen yan der Waals 
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contact distance. On the other hand, 
major helix is made larger, then the NH...O hydrogen bond 
lengths were increased too much, although the carbon-oxy- 
gen distance was satisfactory. If one of the hydrogen bonds 
is made short, while the other is comparatively long and not 
at the correct angle, then it is Possible to avoid short carbon- 


oxygen distances; but this arrangement was not considered 
satisfactory. 


if the radius of the 


In the same paper Ramachandran and Kartha also addressed the sec- 
ond objection of Rich and Crick, namely that their structure could not 
accommodate the .Gly.Pro.Hypro. sequence, Once again to quote 
Ramachandran and Kartha: 

It had been assumed in the earlier model that the sequence 
of the residues was of the type -G-R-P-G- (G for Glycine, P 
for Proline and R for any other residue). The five-membered 
ring of proline or hydroxyproline residue could be attached 
to either the C2 or the C3 carbon (second or third residue). 
However C3 will be favored as the corresponding NH group 
is not hydrogen-bonded. The choice of the location of pro- 
line or hydroxyproline residues as well as the distribution of 
other residues cannot be determined from a study .of the 
backbone of a protofibril, but rather by a discussion of their 
cross-linkages. The hydroxyl group of a hypro residue will 
be in the right position to form a hydrogen bond with the 
carbonyl] oxygen O1 of the neighboring rod, if it occurs as 
residue R3. On the other hand a proline residue occurring in 
this position serves no such purpose. Consequently the pro- 
line may occur in position R2. 


Ramachandran alone published yet another paper on the structure of 
collagen in Nature in April 1956, answering some of the criticisms in 
the Rich and Crick paper of 1955. Ramachandran writes: 


Rich and Crick have criticized the revised structure proposed 
from this laboratory, on considerations of stereochemistry 
and amino acid sequence. Both these difficulties were known 
to us and were in fact considered in a paper discussing this 
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good interchain hydrogen bonds were to be 
residues. Consequently, models were 
tereochemically more satisfactory, It 
was then found, as Rich and Crick have found, that only one 
hydrogen bond can be formed for every three residues In each 
chain of the triple chain. However two configurations are pos. 
sible, both of which are quite satisfactory so far as the back. 
bone of the structure is concerned. The two structures may be 
called the plus and the minus structures, since they could be 
obtained from the one described earlier by rotating the minor 
helices about their own axes through a positive and negative 
angle. These two possibilities are respectively similar to the 
structure I and structure II of Rich and Crick and the anti- 
clockwise and clockwise structures of Cowan, McGavin, and 
North... 

Both Rich and Crick and Cowan et al. have favored the other 
possibility, namely the configuration analogous to our plus 
structure. However the minus structure appears to be more 
probable for the following reasons. 


structure in det 
contacts if two 
formed for every three 
built up which were s 


Ramachandran lists three reasons for the above conclusion, arguing 
that “there seems to be no reason why the structure should be based on 
an exact coiled coil, as was assumed in our studies. The X-ray pattern 
only demands that every third residue must occur on a simple helix of 
pitch 85.8A, with thirty residues per turn, in each of the three chains. 
ha repens put in, then almost straight hydrogen bonds can 
at eoheee ; Pe structure, and yet having no short van der 
cit though there are thus various points in favor of the 
te ia : a set of hydrogen bonds cannot be formed and 
This is not really satisfari - eS ich hydrogen-bonde® 
gens to be bonded to nn l id postiley however, for those bye 

yl oxygen in another chain of the same 


triple chain 
in such a fan ee red molecule, It is probable that water exists 
of this question.” orm in collagen, but a careful study is requ"? 


*Ramachandr: 
an w : F 
Kartha in the 1955 Bee to the detailed Paper that he published with 
Caings of the Indian Academy of Sciences. 
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Much has been written on the discovery of coll 
some of the controversy that followed. Th 
remains the monumental success achieved by 
tists, Ramachandran 


agen’s structure and on 
€ most important fact 
two young Indian scien- 
; and Kartha, neither of whom had any prior expe- 
rience or exposure in the field of structural molecular biology—one of 
them had just started a new physics department, and the other had only 
just obtained his physics doctorate. In addition they were located thou- 
sands of miles away from England, where all the excitement in the 
field was taking place. 

A distinct feature of collagen is its high glycine, proline, and 
hydroxyproline content. The structures of synthetic polypeptides con- 
taining glycine, proline or hydroxyproline might therefore be expected 
to bear similarities to the collagen structure. This line of reasoning led to 
the convergence on the triple chain coiled-coil model by two other groups 
besides Ramachandran’s, whose paper was the first to appear in Nature 
(received on 3 June 1955 and published on 24 September 1955, three and 
a half months later). The other groups were (1) Rich and Crick from 
Cambridge (received 10 October 1955 and published 12 November 1955, 
four weeks later), whose collagen model was derived from their work on 
polyglycine; and (2) the King’s College group of Randall, Cowan, North, 
and McGavin (received 10 November 1955 and published 3 December 
1955, three weeks later), who arrived at the structure of collagen by way of 
polyproline. 

In fact Ramachandran sent his paper to Professor Bernal on 22 April 
1955, six weeks before the editors of Nature officially received it, with 
thé following letter: 


Dear Professor Bernal: 22nd April 1955 

I am sending herewith a short article on the “Structure of 
Collagen”, embodying the results of our recent studies, 
some of which we had the opportunity of discussing with 
you, when you were here a few months ago. 

I would very much appreciate your going through the man- 
uscript, and, if you approve of it, communicating it to Nature 
for publication. We have left out the details, although the 
structure itself is described at some length, because It 1s rather 
complicated. You may amend the article, or cut out some por- 
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+f youl consider it necessary, before forwarding it for 
tions, If you s 


ation, There ares of course, a number of points still to 
ppibliec rt T hope YOu would agree that the structure 
be worke ane some of thle principal properties of collagen. 
is = to salut grateful to you for the very encouraging 
am P showed in out work. In fact, it was your remark 
interest you S 1 origin of the 640A spac- 


i ially chemica 
regarding the essentially ©! ar I 
ing that helped us in working out this feature on the basis of 
J 


structure. 
a shall be grateful for a line in reply when you have had 


the time to go through the article. 


With best regards, 
Yours sincerely, 


GNR 


Bernal, who was not actually working on the structure of colla- 
gen, sent the paper to Pauline Cowan of King’s College for her 
comments. She was an investigator working on the structure of col- 
lagen, and she wrote the following letter to Professor Bernal on I 
June 1955, five weeks after Ramachandran had sent his paper to 
Professor Bernal. 


University of London, King’s College 
Department of Physics 


Strand WC2 
Ist June, 1955 
Dear Professor Bernal: 

Thank you for sending the typescript of Ramachandran 
and Kartha’s paper, which I was most interested to read. Lam 
= aa taken so long to return it, Whitsun intervening. 
conte . pon earlier model, this seems to us a fairly rea- 
iin ols a and should give at least a qualitative fit 
ran tt diffraction pattern. As a matter of fact, 
far ete ee tried to build models along closely sim- 
‘one oF pelt ey a to have beaten us to it. Our struc- 
ulvaitan to at Ine (now in press) has a configuration 
anddle tect ingle chain, although it has a three-fold 

mbles their earlier chain). The chief points we 
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have against such models are (1) that as R. & K. them- 
selves point out, there is considerable distortion of the 
“hydrogen bond angle”, (the high value of the NH stretch- 
ing frequency may support this); (2) that they are compli- 
cated—but the formation of this complex system seems to 
be necessary if the maximum number of hydrogen bonds 
are to be made. 

Whether or not the proposed structure is correct (and I 
think it is the best one to date), it certainly should be pub- 
lished. There are, however, one or two points that might be 
made to the authors. They say on page 2 that if the minor 
helix is composed of L-residues it is right-handed, and the 
major helix left-handed. It seems to me that they have got 
their absolute configuration wrong; with L-residues their 
minor helix should be left-handed. This of course doesn’t 
really matter, but I think the text should be altered. Reference 
4 is incorrect. They have produced a hybrid of two papers. 
The actual reference should be Crick, FH.C., Acta Cryst, 6, 
689 (1953)—the paper on coiled coils—which they have 
muddled with Cochran, Crick, and Vand, 5 (1952). - 

On page 5 I should substitute “the R side chain of the 
third residue”, or “the side chain of the R-type residue” or 
“third residue R-group” for “third residue R” to avoid con- 
fusion (“R” is usually used to denote side chain, but is some- 
times used to refer to the whole residue). 

With reference to page 5 last sentence of last para. the 
640A period is by no means always divided into exactly six 
sub-divisions, although it may be. 

The projection of the structure down the fiber axis is 
rather difficult to sort out. I think it would have been help- 
ful to give a general description of the configuration of the 
single chain, together with its projection at right angles to 
the fiber axis, or to give co-ordinates or both. 

The model will, of course, have to be tested in detail (it is 
comparatively easy to get agreement for a single layer line), 
but it may as well go to press as it stands. 


Yours sincerely, 
Pauline Cowan 
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On 6 June 1992+ s 

n, 

er on to Nature having made some 

d by Dr. Pauline Cowan of King’s 


Dear Dr. Ramachandrat 
I have sent your pap 


alterations in it suggeste! Py 
m I showed tt. . 
ig ane h the alterations which are outlined in 


f you disagree wit ; ned i 
tee is or wish to make others, this would be possible in 
the sront stage, assuming Nature will agree to publish the 
paper. 

Yours Sincerely, 
J. D. Bernal 


Ramachandran replied to Professor Bernal on 30 June 1955. 


Dear Professor Bernal: 

Thank you for your letter of June 6th. I could not write 
to you earlier as I was away from Madras on vacation. 

I was very interested to go through the report of Dr. 
Cowan. We agree with her that the absolute configura- 
tion of the helix has been wrongly put and that the minor 
helix would be right-handed only if the amino acid 
residues are in the D -configuration. The mistake in the 
reference was noted by us also after the manuscript was 
sent to you and I had thought of informing you of it after 
I received your comments on the paper. The other com- 
ments on the report are non-controversial, and I do not 
think there will be any need to make alterations in the 
text at the proof stage. 


I am highly obliged to you for the trouble you have taken 
In critically examining the paper. 


Yours sincerely, 
GNR 


It is int : 
to tesla to note that Professor Bernal chose to give the paper 
thy that neither ie he oat of Ramachandran. It is also notewor 
oressor Bernal nor Pauline Cowan raised any objec- 
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tion to the stereochemistry or the amino acid sequence, two major crit- 
icisms in the Rich and Crick paper. 

A comparison of the three structures, all of which had the common 
feature of the triple-chain coiled coil first proposed by Ramachandran 
and Kartha, and some of the ensuing controversy are best described in 
a review article written by Richard Dickerson. 

To paraphrase Ramachandran’s thoughts on the discovery of the 
structure of collagen by the Madras group: 


We studied the chemistry of collagen, its strange amino acid 
sequence, namely every third residue was glycine. In our case 
ignorance was bliss, at that time no one had given any impor- 
tance to the presence of hydroxyproline in the sequence of col- 
lagen. Alexander Rich and Francis Crick were also working on 
the structure of collagen in England, but they did not use any of 
our experimental data to-produce their structure. They used R. 
S. Bear’s data on collagen and built their model with a 3.5A 
meridional reflection. One of the greatest advantages we had in 
Madras was a very clear diffraction pattern of collagen taken by 
Ambady with a tilted fiber of collagen. That clearly showed that 
the 2.86A reflection was indeed meridional and not off meridi- 
an as our first structure would have wanted. Astbury reviewed 
our first paper, apparently he commented that “‘this young man 
from India has obtained basically a correct structure for collagen 
except for some minor details”. 

Our 1955 paper was sent by the editors of Nature to 
Francis Crick for peer review. Kartha was in Cambridge at 
the time and apparently found out that either Crick or the 
editors of Nature had sent our manuscript back for revision 
by sea mail causing a delay in its publication so that Crick’s 
paper on the structure of collagen could be published at 
about the same time as ours. In any event Rich and Crick’s 
paper was published later than ours. 


Ramachandran’s statement about the delaying strategy was based 
on a letter he received from Kartha who left India in October 1955 and 
gone to the Medical Research Council Laboratory in Cambridge for 
postdoctoral work. Kartha apparently walked straight into the lion’s 
den, because this was exactly the place where Rich and Crick were 
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collagen. Following 1s a selection from a 


f 
structure 0 machandran on 4 December 1955, 


ing on the 
working Kartha to Ra 


letter written by 
4-12-55 
Cambridge 


My dear Dr. Ramachandran: 

_.. In yesterday’s issue of Nature there was a paper on col- 
lagen by the King’s group. They have given neither detailed 
coordinates nor models. There seems some rivalry between 
the Kings group and here. Dr. FHC was telling me that their 
paper has been very unfair to us in their claim of having dis- 
covered the structure before us and having had discussed it 
at the Bristol conference. I do not know what he meant, but 
the general idea seems to be that the publication of our 
paper was purposely delayed by months for them to work up 
our idea after seeing our manuscript! I remember the paper 
was ready before I left for Bombay, i.e. in April, but it came 
out only in September. The papers from here came in less 
than a month. I have not yet gone to King’s College but hope 
to go there very soon. Dr. Randall has asked me to go there 
whenever I could. 

Dr. FHC seems rather unhappy about your note to Nature 
coming at the heels of their paper and suggested that I write 
to you to-postpone it and give them time to modify it!! 
Probably he may even like to have the final ideas from here 
and Madras to be put in a combined form... 

With best regards, 

Yours sincerely, 
Gopinath Kartha 


Readers have to make their own judgment about priorities in the dis- 
covery of the collagen Structure. It is quite possible that the British sci- 
— did not consider a coiled-coil structure for collagen until they 
che Ton anatan and Kartha’s manuscript. Neither the Cambridge 
anette thence ing’s College group have acknowledged this fact 7 
rl 2 he di ave written. Yet it is interesting to follow the chronol- 
Kartha poi - Papers, all appearing within six months in 1955- AS 

Points out in his letter to Ramachandran, it took nearly four 


month: i 
nths for the editors of Nature to accept and publish Ramachandran 
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and Kartha’s paper, but less than a month to publish the other two 
papers by Rich and Crick, and Cowan, McGavin, and North. 

Ina letter written to Ramachandran on 29 November 1955, Pauline 
Cowan writes: “When we heard that Rich and Crick had submitted a 
paper on Collagen I and II, we thought we had better'send a note too, 
since much of our work was parallel and a good deal of it prior to Rich 
and Crick’s. I am afraid our note was sent off in rather a hurry and is 
not clear. It should be appearing soon in Nature.” 

It is an amazing coincidence that all three groups independently got 
the idea for a coiled-coil structure at about the same time within a peri- 
od of six months. The British scientists were working for a much 
longer period on collagen than Ramachandran and Kartha. 
Ramachandran has justifiably felt that the British scientists did not give 
him the proper credit or recognition that he deserved for his funda- 
mental and original contribution of a coiled-coil structure for collagen. 
He believes they may have used his idea and, on top of that unjustifi- 
ably criticized his collagen structure. It is perhaps too cynical to con- 
clude that some of those working on collagen in England at the time 
simply could not accept the fact that two scientists from one of their 
former colonies could make such an outstanding contribution in such a 
short time. 

Sir Isaac Newton may have been one of the greatest scientists of all 
time, but he was also the scientist who began the tradition of priority 
in published results, a sentiment that has been perpetuated ever since. 
The intent of doing research primarily for discovering nature’s hidden 
truths to be applied for the good of humanity may have taken a back 
seat after Newton. 

Undoubtedly Crick is one of the most brilliant molecular biologists 
of this century, and he certainly deserves credit for his pioneering work 
on the structure of DNA. His work on the theory of diffraction by non- 
integral helices was of immense help for Ramachandran and Kartha in 
comparing the observed and calculated diffraction patterns for colla- 
gen, and was another classic paper in biophysics. 

In their attempts to be the first to discover the structures of impor- 
tant biological macromolecules, one sees an interesting chain of tri- 
umphs and tribulations. Sir Lawrence Bragg, who had already made a 
name for himself by discovering the basic principle of X-ray diffrac- 
tion and was immortalized by a law that carries his name, was disap- 
pointed because he was not the first to discover the structure of the 
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at honor. Pauling was disappointeg 


that he did not discover the double-helical structure of DNA; James 


Watson and Francis Crick shared that honor. Crick was perhaps disap. 
d that he was not again the first to discover the triple-helical 
agen; Ramachandran and Kartha certainly 


alpha helix; Linus Pauling got th 


pointe 
coiled-coil structure of coll 


deserve the credit for that discovery. 
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8 stereochemistry of Polypeptide Structures 


The rejection of their collagen structure by Rich and Crick had a pro- 
found effect on Ramachandran and his coworkers in Madras especial- 
ly on Kartha. In one way it was a blessing in disguise because it paved 
the way for Ramachandran’s next major contribution when he attempt- 
ed to answer criticisms aimed at his collagen structure. Recall that the 
most severe comments by Rich and Crick were targeted toward the 
short, non-bonded distances in Ramachandran’s model. Computers 
had not arrived in Indian science and they even lacked sophisticated 
model- building facilities in Madras. In fact, Kartha measured the 
bond distances in their crude models using pieces of string or the ribs 
of coconut leaves! 

A very smart young graduate student by the name of Sasisekharan 
joined Ramachandran’s department in Madras about that time. 
Sasisekharan obtained a B.Sc.(Honors) degree in physics, exactly as 
Ramachandran himself had done earlier. In order to do research for a 
Ph.D degree in Madras University, students first had to obtain a mas- 
ter’s degree in either X-ray crystallography or in theoretical physics. 
Sasisekharan first completed his master’s degree in X-ray crystallogra- 
phy, then began working for his doctorate degree under the supervision 
of Ramachandran. He undertook the investigation of the structures of 
poly-L-proline and poly-L-hydroxyproline, which are two collagen- 
like polypeptides. Sasisekharan prepared fibers, took their X-ray dif- 
fraction patterns, and started model building. The final model is best 
described as a polyproline helix, in which the three separate polypro- 
line chains are related by a three-fold screw axis. 

Completing a degree in those days required the approval of the 
Ph.D. dissertation by three external examiners, chosen from outside 
India. A copy of the dissertation was sent to each examiner, who had 
three months to read and send the evaluations to the University. 
Sasisekharan’s thesis was highly commended by all the three examin- 
cts, one of whom was Max Perutz, the well-known molecular biologist 
In Cambridge, England, who won the Nobel Prize for discovering the 
on and function of hemoglobin. : dex the 
cn obtained his doctorate in 1960 paar arene 
Ment a Fa Ee anne panics a nr one ms American 
tinives “ a lecturer (equivalent to an assistant professor 1 a This is 

ity) to continue his research on fibrous proteins. 
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tice among Indian students who, ea peed their 
pienssie ane to universities in England or United States for pog. 
Sauer ips. While waiting for responses, they often Contin. 
doctoral eer eee on the same or on a new project in the same 
tee areen they obtained their Ph.Ds. Often this is not desir. 
department rear supervisor is likely to continue treating them 
able because t - ilarly the former students would continue to treat 
as his students. 51m ather than as a colleague. This was espe- 


visor as a professor 
ally a in Ramachandran’s department because of his reputation as 
Cl 


an established scientist. ; ; 
However, collaborative research with Sasisekharan was very pro- 


ductive and resulted in another innovative breakthrough by 
Ramachandran in the field of molecular biophysics. Stung by the crit- 
icism of short interatomic contacts in his collagen Structure, 
Ramachandran and Sasisekharan decided to conduct a systematic sur- 
vey of the literature for data on non-bonded contact distances between 
atoms within and between molecules in all known organic crystal 
structures. They hoped to answer the following questions: How close- 
ly do non-bonded atoms approach one another in organic and biologi- 
cal structures? Is there a range in the observed distances? Is it possi- 
ble to systematically generate all possible structures of polypeptides 
based on the limits of the non-bonded interactions alone? Can this 
information be used to systematically delineate .and predict the most 
probable structures for biological macromolecules? 

Together they designed a general method for describing the stereo- 
chemical criteria for polypeptide structures and proteins. They pre- 
sented what has come to be known in biochemical literature as the 
“Ramachandran phi-psi diagram” or simply “Ramachandran plot.” It 
provides a rational basis for describing all stereochemically possible 
structures of polypeptides. Even though the significance of this work 
was not realized or appreciated at the time, the study of stereochemi- 
cal criteria has since become one of the most important areas in the 
investigation of protein structures. 
ert ii man by the name of Ramakrishnan also had joined 
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Ramakrishnan has continued this work on stereochemical criteria of 
polypeptide chains for over three decades. All the three scientists must 
share the credit for the phi-psi diagram. 

Proteins, like collagen, are linear polymers of twenty different kinds 
of amino acids. The basic structure of amino acids found in naturally 
occurring proteins has already been described. Two amino acids are 
joined together by what is known as a “peptide bond”—the chemical 
bond formed between a carbon atom of the carboxyl group (COOH) of 
one amino acid and a nitrogen atom of the amino group (NH,) of the 
next amino acid. In this process a water molecule is eliminated. The 
NH and the CO groups interact with each other so as to produce a par- 
tial double-bond character to the C— N bond. Consequently, the fol- 
lowing six atoms in two consecutive amino acids form a rigid planar 
group called a “peptide unit.” 


oO 
ll 
— Ca(1) —-C -N -Ca(2) — 
| 
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The group of atoms —Co(1)— C — 
N — Co (2)—tepeats many times in 
a polypeptide structure. They form 
the backbone of a polypeptide chain, 
usually referred to as the “main 
chain.” Atoms of the side chain 
branch off from the alpha carbon 
atom of each amino acid in the main 
cf chain. In 1953, Pauling and Corey 
used all available data from known 
crystal structures of simple amino 
acids and other peptides to define the 
bond distances and bond angles in the 
planar peptide group. These dimen- 
sions have become the standard for 
building models of protein structures. 
Figure 10: Diagram showing the dihedral 
angles g and y (see later for the nature of @). 


‘ Polypeptide Structures 
4 Stereochemistry of Polyp' are present between two alpha carbon atom 
d scribed above. Two of these, Co(1) —¢ and N 
in the planar group es ds while the third, C — N, has some Partia) 
— Ca(2), are single ee as indicated by its length, which is shotter 
double-bond characteris : distance and longer than a true double-bong 
than anormal eh flexible and allows for free rotation ri 
cele tae ae double and triple bonds are more rigid and do not 
ns. 
aah rer about each single bond can vary between 0 
and 360 degrees. Each set of rotations will generate NEW positions for 
all atoms in the polypeptide structure on either side of the bond. Not 
all such structures are physically possible or chemically meaningful, 
because they may result in unacceptable stereochemical overlaps 
between two or more atoms. Atoms are not simple points, they have a 
definite size. They are assumed to be spheres and their radius is called 
the “van der Waals radius”. No two non-bonded atoms can approach 
one another closer than the sum of their van der Waals radii. 

Ramachandran, Sasisekharan, and Ramakrishnan set out to identify 
those rotation angles that would generate acceptable structures for 
polypeptides. Scientists working in this field knew about the geometry 
of a planar peptide bond and the constraints imposed by partial double 
bonds. The concept of using these ideas to generate all the possible 
Structures was quite innovative and very original. 

Ramachandran used the notations phi and phi’ to describe the two 
ove rel phi specified the angle of rotation about the Ca —N 
They ee ele the angle of rotation about the Co. — C bond. 
degree angles for oh ‘ aera ane alr pate 9 
Sithedaciiyite ate phi’. The notation they used actually con- 
istry of bioplymees, Shien “gt Rerahure nd tie agenirale™ 
were changed to phi and oe os “i epi ae rn ae 
sion described later in this litte, <a ee 
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Positional coordin ide units are known, it is possible to calculate the 
This is because the ae atoms in the main chain of a dipeptide: 
tive positions of all bones units have a planar structure and the Felt” 
are already estab]j a‘oms in the Peptide planes that undergo rotation 

ished. In other words, the three-dimensional struct” 
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Figure 11: Diagram showing a general conformation (¢, y) about an a-carbon atom 
Ca. The shaded plane (P) contains the atoms N, Ca, C’ and the bonds N-Co and 
Ca-C’ about which the rotations ¢ and yare made, The other two planes A and B rep- 
resent the planes of the two linked peptide units. A clockwise rotation ¢ about N- Ca 
brings the plane A to the plane P and a clockwise rotation y about Co-C’ brings the 
plane P to the plane. 

of the main chain atoms of a dipeptide may be completely described if 
two dihedral angles between the two peptide planes are known. By 
extension, it is possible to describe the complete structure of all main 
chain atoms in a large polypeptide chain containing N amino acids 
using 2 (N - 1) sets of (phi, psi) angles. 

Ramachandran asked the following question: Would all possible 
values of phi and psi produce chemically acceptable and stereochemi- 
cally meaningful structures? A cursory examination of models of struc- 
lures generated after various rotations of a dipeptide reveals that not all 
combinations of phi and psi generate physically meaningful structures. 

In 1957, Ramachandran and Sasisekharan analyzed all published 
Teports of amino acids, peptides, and other relevant organic compounds 
and cataloged the observed non-bonded contact distances between 
“toms in their structures, Sasisekharan used stereographic projections 
to display the different observed dihedral angles. Preliminary findings 
Were included in Sasisekharan’s doctoral thesis submitted in 1959. 
tig defined two possible limits for the non-bonded distances tbe 

bir ved (1) normally allowed limits and (2) “extreme es 
ris such that if all interatomic distances are longer than the n 
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They followed a very simple procedure. _ pn Structures 
of dipeptides for all combinations of the two dihedral angles phi and 
psi. For each such structure they calculated all bonded and non-bond. 
ed contact distances between different atom pairs. If any two atoms 
approach one another closer than the sum of their van der Waals radii, 
then the two atoms will overlap and will cause steric hindrance, Such 
a structure is stereochemically impossible. 

Ramachandran and Sasisekharan set out to identify these structures 
for proteins and polypeptides. They immediately realized that a system- 
atic survey of all possible structures would involve a tremendous amount 
of calculations. Ramakrishnan used a desktop electric calculator to cal- 
culate the interatomic distances for dihedral angles varying in intervals 
of 10 degrees from 0 to 360 degrees. They displayed their results in the 
form ofa conformational map in which they outlined regions of phi and 
psi angles for Which Structures occurred without any two non-bonded 
atoms overlapping on one another. These were the fully allowed confor- 
rer oe in such regions did not have any non-bonded con- 
alas © extreme limits.” Then there were partially allowed con- 

ns in which the non-bonded distances were between normal and 
extreme limits. The allowed ; as hen 
aii : . wed regions became more restrictive W 

No acid residues other than glycj . I] that 
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Figure 12: Ramachandran-Sasisekharan-Ramakrishnan phi-psi plot showing fully 
allowed conformations for polypeptides. Dihedral angles resulting in standard sec- 
ondary structures such as the alpha helix are indicated in the plot. 


single author of the paper, even though the work was done jointly with 
Ramachandran and Ramakrishnan. The delay in publication combined 
with the criticism of his paper on collagen must have made 
Ramachandran somewhat skeptical about sending this paper to a jour- 
nal in England. Nevertheless, a second “paper” was indeed published 
in the Journal of Molecular Biology in 1963 by all the three authors— 
Ramachandran, Ramakrishnan, and Sasisekharan, in that order. Not a 
full article, it was published instead in the “Letters to the Editor” sec- 
tion of the journal. Some skeptics in the Madras group believed that 
Kendrew, who was the editor of the Journal of Molecular Biology may 
not have fully recognized the significance of what must have appeared 
to him as a simple and an inconsequential article. But that article con- 
tained some very interesting and fundamental results, perhaps arriving 
on the scene well before its time. . 
Protein structures were just being determined at the time and the sig- 
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an’s analysis probably did not draw too 
he ideas and results presented in these two Papers 4, ; 
simple and elegant. Ramachandran age are ee isle combination, 
f rotation angles phi and psi for the s P P YPeptide Chain 
Naturally Ramachandran wanted to verify be a of his Predictio, 
when the structure of the first protein, MYOB'© in, Was published 
spatial coordinates of all atoms became known. Proof that the ex 
mentally determined values of phi and psn @ globular Protein lie with. 
in the predicted regions of the Ramakrishnan-Sasisekharan Conforma. 
tional map would have been most gratifying. However, in those earl 
days of protein crystallography, scientists were reluctant to share the 
coordinates of protein structures with other investigators in the fielg 
They were apprehensive that others might use their coordinates, do call 
culations, and publish results. They believed that having solved the 
structures, only they were entitled to do such calculations and Teap the 
benefits themselves. In any event, Ramachandran’s attempts to obtain a 
copy of the myoglobin coordinates from John Kendrew were not suc- 
cessful at least in the beginning. Nowadays, investigators have to 
deposit coordinates of all atoms in a new structure in a Protein Data 
Bank before even publishing their structures in journals. 

Those who had access to coordinates of protein structures used them 
to calculate the phi and psi angles and compared them with predictions 
a ge rena a pile ts conformational 
ae erate: ae meee angles between consecutive peptide 
wae tetrad dios in the allowed regions of the map. 
balausias halos: an . acc the predicted range, it invariably 
canliasaitastl poate: aah ich, as mentioned above, has more 
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Figure 13: Phi and Psi angles calculated using the experimentally determined coordi- 

nates of the myoglobin structure. Only the angles for residues not on the alpha helix 

are shown. Points outside the allowed region predicted by Ramachandran and cowork- 

ers are for glycine residues for which hydrogen is the side chain atom. 


piece of work from India to the rest of the scientific world. In 1969, 
Richard Dickerson and Irving Geis described the results of the confor- 
mational map in their classic book on the Structure and Action of 
Proteins published by Harper and Row. Dickerson was the first to use 
the name the “Ramachandran (phi, psi) diagram.” None of the three 
original discoverer’s referred to their map by that name. Perhaps the 
proper name should have been “Ramachandran-Ramakrishnan- 
Sasisekharan (phi, psi) diagram.” Sasisekharan had just obtained his 
doctorate degree, Ramakrishnan was still working toward his doctor- 
ate, and both were working in Ramachandran’s laboratory. Yet all of 
them were part of a single team, and the research was truly a joint 
effort. It was a collaborative project in which ideas, data, and calcula- 
tions could not be attributed to any single person. Though the diagram 
Now is most commonly associated with Ramachandran, what’s in a 
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: kers at the time was what is cy, 
Sanaa = aes B bends in polypeptide Structy 
well known as at nt named Venkatachalam first made the discoye 
young graduate Pier s in Ramachandran’s laboratory in 1967, i 
of these ce eo stematically investigating all possible structures : 
was pean units and discovered that at least three favored 
ecaeae of tripeptides were possible and all were stabilizeg by 
hydrogen bonds. These structures represented regions Where a Peptide 
chain would make a U-turn, forming the beginning of a pair of any. 
parallel beta-pleated sheets. They neither called them beta turns at the 
time nor did they have any means of proving the validity of their pre. 
dictions in structures of proteins. They were, of course, delighted to 
see such turns when the tertiary structure of the first protein, myoglo- 
bin, was published. The results were published in Venkatachalam’s 
Ph.D. thesis. Professor Harold Scheraga of Cornell University, one of 
the pioneers in the field of polypeptide conformations was one of the 
external examiners of the thesis. Professor Scheraga did not hide his 
delight after reading Venkatachalam’s thesis; he declared it came up to 
his highest standards and easily comparable to the best thesis from his 
own country. 

During the 1964 Biochemical Congress in New York, a meeting was 
arranged to discuss the general question of accepting or revising the 
standard notation and nomenclature for dihedral angles in polypeptide 
chains. Ramachandran was one of the leading participants in that dis- 
cussion. The congress recommended two changes: (1) change of 
tn of phi and phi’ as adopted by Ramachandran’s group t 
nik rie i (2) a change of origin of the phi-psi plot from the bot- 
fat — : comer to the center of the diagram. The angles along i 
Secteevartn cer! ~180 to +180 degrees instead of from Oto3 
and Professo Berar: Paper. There was a very dynamic discuss!© 
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this field and he was for the development of a convenient nomenclature 
for biopolymers that would be acceptable for all workers in the field. 
Professor Edsall, who chaired the meeting, felt that both suggestions 
were acceptable and asked Professors Kendrew and Ramachandran to 
prepare suitable rules for all polypeptides, Kendrew chaired the com- 
mission and the rules—known as Edsall-Kendrew rules—were pub- 
lished simultaneously in four journals, Biopolymers, Journal of 
Molecular Biology, Biochemical Journal and Biochemica Biopysica 
Acta. Within one year every laboratory in biopolymer research, mole- 
cular biophysics, conformational theory, and bioorganic chemistry had 
adopted the new tules set forth by the commission, which were of great 
utility especially to newcomers in the field. 

Ramachandran had taken such great interest in this work on nomen- 
clatures that several years later when a similar need arose for a com- 
mittee on nomenclature of nucleic acids and nucleotides, he was asked 
to chair that committee. He consulted his friends and colleagues work- 
ing in the field and realized that the problem was much more complex 
than polypeptides, so he declined the request to chair the committee. 
In 1979, Professor Oster of Vienna, Austria, suggested that 
Ramachandran should consider chairing a much wider committee on 
nomenclature of proteins, nucleotides, and polysaccharides. Since 
Ramachandran had stopped working on this aspect of molecular bio- 
physics altogether, he declined this request too. It is of interest to note 
that while it took only two years to write the rules and conventions for 
proteins and polypeptides, it took over five years to do the same for 
nucleotides and another three years for polysaccharides. 
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ly = eine! of its time started with aber on the structural 
relationship between collagen and bone. Gopa akrishna Ambady was 
a graduate student in the lab who excelled in laboratory work and 
experimental techniques. It was his X-ray diffraction photograph of 
tilted collagen fibers which swiftly suggested to Ramachandran and 
Kartha that collagen had to be a triple coiled-coil structure. Ambady 
performed an elegant experiment by immersing fibers of collagen in an 
emulsified salt solution. The salt would spontaneously crystallize on 
the fibers. Several insoluble compounds like silver oxide, white lead, 
calcium fluoride, and calcium carbonate could also be crystallized 
inside collagen fibers by keeping them in solutions containing suitable 
concentrations of the required ions. When hydroxy apatite, a complex 
salt of calcium phosphate, was used as the salt, it also crystallized on 
the fibers. The diffraction pattern from such a fiber was compared with 
that from bone specimen. The resemblance between the two was strik: 
ing, but for the greater sharpness of the pattern observed from the sy? 
res raise showing that the particle size of the hydroxy! apatite 
me 0 : 's much larger. The emerging hypothesis was that bone Wi® 
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was submitted twice and was rejected on both occasions by the exter- 
nal examiners—Professor Bernal of Birkbeck College and Sir John 
Randall of King’s College, both in London. Even though Bernal was in 
favor of approving and recommending a doctorate for Santhanam, 
apparently Randall completely disagreed with the conclusions present- 
ed in the thesis. : 

This was a devastating blow to the morale of every one in the 
department and the atmosphere was tense. A sense of total despair and 
helplessness prevailed, as the examiners of the thesis were 6,000 miles 
away and there was no discussion, defense, or rebuttal once their deci- 
sion was communicated to the vice chancellor of the university. To 
quote Ramachandran: “You may be surprised by the fact that the uni- 
versities in India never allow a professor to see the reports written by 
the so-called outside examiners on the theses of their students.” 
Ramachandran felt that Santhanam was more of a chemist than a crys- 
tallographer and perhaps did not properly understand the physics of 
diffraction or Fourier transforms. Little did he realize that his own 
ideas on calcification of collagen might have been too far advanced for 
its time. Again to quote Ramachandran: “Many years later, when I was 
in the United States, scientists were trying to do exactly similar work 
in the Massachusetts Institute of Technology!” 

The question of whether bone formation is a process of calcification 
of collagen is still under active scrutiny. 
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intensities, will no longer be the Sat The difference in intensities 
between each Friedel pair is called the ‘anomalous difference,” of the 
“Bijvoet difference,” named after the pioneering work of the Danish 
scientist Bijvoet and his collaborators. oo 

Normally results of X-ray analysis cannot distinguish between q 
structure and its mirror image, because both give identical diffraction 
patterns. Bijvoet and his collaborators showed that it is Possible to use 
anomalous dispersion to distinguish between the two configurations, 
or to determine the so-called absolute configuration of a molecule, 
(Bijvoet, J. M.(1949) Proc. Acad. Sci., Amst. 52, 313, Bijvoet(1954), 
Nature, 173, 888). 

Ramachandran saw the original paper by Bijvoet during one of his 
weekly visits to the university library and suggested it to his student K. 


S. Chandrasekharan, who had joined him as a graduate student under 
a leave of absence from the Atomi 
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quantity necessary for calculating the electron density map of mole- 
cules in crystals, the first being the structure amplitude which is pro- 
portional to the square root of the experimentally measured intensity of 
a reflection. Electron density maps are used to build models of the 
molecules and to solve the crystal structure. 

The anomalous dispersion technique was first applied for the 
solution of the phase problem in 1956 by Ramachandran and 
Raman, (Ramachandran, G. N. and Raman, S.* (1956) Current 
Science (India), 25, 348) a graduate student in Ramachandran’s lab- 
oratory. They applied it to the known structure of ephedrine 
hydrochloride and showed that the correct choice of phase angle was 
closer to the phase of the anomalous scatterer. The structure of this 
molecule had been determined earlier in 1954 by David Phillips 
using the standard heavy atom method (Phillips, D. C. (1954) Acta 
Cryst. 7, 159). Raman then applied the anomalous dispersion 
method to obtain phase angles and successfully determine the crys- 
tal structure of lysine hydrochloride for which no previous structur- 
al data was available. (Raman, S. (1959), Z. Kristallogr. 111, 301). 

The Madras group used the film technique to record and mea- 
sure the intensities of all reflections in any diffraction pattern. This 
technique is still in use in many laboratories; although films are 
now digitized using automated computer-controlled scanners. 
Because computers were not available in Madras at the time, the 
intensities were estimated visually by comparing each reflection 
on the film with a special strip of film that contained a set of stan- 
dard spots. The standard spots were recorded by exposing the strip 
to a preselected reflection from a crystal once, twice, three times, 
four times, etc. The successive spots would have a relative intensi- 
ty of 1, 2, 3, 4, etc. The strip with the standard set of spots is 
placed on top of the diffraction film whose intensities are to be 
measured. Each reflection is compared with successive standard 
spots until a match is found between the two. This gives a quanti- 
tative, although subjective, measure of the relative intensity of 
each reflection. In the Madras laboratory, it was a common sight to 
see students sitting near a window during the day holding films up 
to the daylight to measure the intensities of reflections on their X- 
tay diffraction photographs. Luckily, Madras has bright sunny 
days most of the year! 


*No relation to Sir C. V. Raman 
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determined its crystal structure. Lysine yee of - amino acids 
commonly found in proteins. Since ipa he Sees dispersion 
method has been successfully used in many cases for Solving the 
phase problem in X-ray crystallography around the world. 

The research accomplishments on collagen and conformational 
analysis of polypeptide chains had clearly Placed the Madras 
department on the map of molecular biophysics. Ramachandran 
had established himself as a pioneer in the field, and he was not yet 
40 years old. The progress in science in his laboratory was of 
world-caliber and easily comparable to that in any other well- 
known laboratory in England or the United States. There were, 
however, many frustrations among the Madras scientists. It was 
hard to do good science in India under the meager economic condi- 
tions and inadequate laboratory facilities. It was even harder to get 
the deserved recognition from peers in the Western Hemisphere, 
despite producing first-class results. It took an inordinately long 
time to get their results published in reputable foreign journals. The 
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11. Fourier Syntheses and Other Projects 


In addition to the research already mentioned, Ramachandran and his 
colleagues In Madras were actively working on a series of problems 
associated with Fourier analysis, Fourier analysis, or Fourier trans- 
forms, is an essential mathematical tool used in the investigation of any 
periodically varying phenomenon, such as the propagation of waves or 
the highly ordered distribution of molecules in a crystal. His father had 
initiated Ramachandran into the theory of Fourier analysis when he 
was an undergraduate, and later Professor Raman helped him to 
achieve a more rigorous insight. He was absolutely fascinated by its 
applications and power to solve all kinds of problems. As a practicing 
crystallographer, he was familiar with the use of Fourier synthesis in 
obtaining electron density maps of molecules in crystals. 

Ramachandran applied his knowledge of Fourier analysis to the 
study of a new problem in crystallography, namely determining the 
complete structure of a molecule when only a part of it is known. The 
so- called “heavy atom method” is one such method well-known to 
crystallographers, who frequently use it to determine structures of 
small molecules containing one or more heavy atoms. 

The amplitude of the X-ray waves scattered by atoms in a molecule 
depends on the number of electrons present in each atom. Most organ- 
ic molecules are made up of carbon, nitrogen, and oxygen each having 
6, 7, and 8 electrons, respectively. Therefore, each atom will scatter by 
approximately the same amount. If, however, the structure contains a 
chlorine atom, for example, then it is considered a heavy atom, as it 
contains seventeen electrons, and will scatter X-rays more strongly 
than a carbon or nitrogen. Proteins contain thousands of carbon-like 
atoms. In this case mercury, platinum and uranium are considered 
heavy atoms.’ 

The heavy atom method makes use of the strong scattering produced 
by the heavier atoms in the molecule. Once the positions of heavy atoms 
in the unit cell of the crystal are determined, they are used to calculate the 
phase angles of all reflections, which in turn are used to compute a pre- 
liminary Fourier map. This map is called “a heavy atom phased Fourier 
and it gives an approximate distribution of the electron density of the 
complete molecule in the crystal. The map will usually show peaks of 

electron density at positions corresponding to where the remaining lighter 
atoms are present in the structure. This procedure is used iteratively, with 
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Ramachandran and Srinivasan, who was among the first batch of grad- 
uate students in Madras, began to develop new methods and new types of 
Fourier syntheses. Fourier syntheses in crystallography is a calculation 
done in three variables x, y, and z or three dimensions. The summation is 
carried out using all the Miller indices of reflections in the diffraction pat- 
tern. Thus, if 10,000 reflection intensities have been measured froma sin- 
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known positions of heavy atoms, the resulting Fourier map will corre- 
spond to electron density in the crystal, such a map is called the “the 
heavy atom phased electron density map.” 

While the heavy atom method was successful in general, no attempt 
had been made to test whether this was the best way of making use of 
the known partial structure. Two basic types of Fourier syntheses 
defined by Ramachandran were the “modulus structure” and the 
“phase structure.” The former uses only the modulus of the structure 
amplitude as coefficients in a Fourier summation, while the latter uses 
a combination of structure amplitudes and phase angles as coefficients. 
This led to the question: Which is more important in calculating a cor- 
rect electron density distribution in a crystal, amplitudes of reflections 
or their phase angles? Using various combinations of coefficients, 
Ramachandran and Srinivasan concluded the overwhelming impor- 
tance of phase angles in revealing details of a crystal structure. 

Ramachandran and Srinivasan systematically analyzed different 
combinations of experimentally measured and calculated values for 
coefficients. The latter is computed from knowledge of partial struc- 
tures, i.e., coordinates of some heavy or light atoms in the structure. 
They called them a, B, y and a’, B’, ¥ syntheses and in each case 
showed how one could derive the positions and strengths of peaks in 
the resulting Fourier map. They performed various tests to see which 
Fourier analysis was superior in revealing the unknown atoms in the 
structure. Some of these analyses were being routinely used in 
Ramachandran’s laboratory to determine unknown structures. 

Ramachandran extended the Fourier analyses to include isomor- 
phous and anomalous differences when appropriate and defined two 
new types of syntheses, B;,,. and Bayo. Anomalous differences occur 
between Friedel pairs of reflections (h,k,l) and (-h,-k,-1). Isomorphous 
differences occur between intensities of same reflection (h,k,l) from 
two isomorphous crystals that differ by having some atoms replaced by 
other atoms in the same location in the two molecules. Isomorphous 
crystals often have same unit cell size and symmetry, but different 
intensity distributions in their diffraction patterns, The isomorphous 
and the anomalous differences used in combination were found to be 
Superior to their use in isolation. 

_ The analysis reported by Ramachandran and Srinivasan was not 
limited to the new types of syntheses described by them, but could also 
be used to understand and interpret any general type of Fourier analy- 
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log computers.” 

This work on analog computers was completely different from every- 
thing else that was going on in Ramachandran’s laboratory. E. V. 
Krishnamurthy was another one of the first group to join Ramachandran 
as graduate students with a stipend of 56 rupees a month. This was a ludi- 
crously small amount and he complained to Ramachandran of his inabili- 
ty to survive in Madras on that kind of money. Vice Chancellor A. L. 
Mudaliar, fully aware of Ramachandran’s reputation as a respected scien- 
tist, readily agreed to his request to create a new position of instrument 
technologist to service and maintain instruments in different science 
departments of the university, The salary was set at 150 rupees a month 
additi : *ndations, he was also allowed to do research 0 
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locally purchased potentiometers and resistors. 

The eaeee was named “Lilavati,” after the daughter of Bhaskara, 
a twelfth-century Indian mathematician. Bhaskara wrote a famous 
treatise in mathematics called Siddhantha Siromani” in 1150 AD; one 
of its four parts that dealt with arithmetic was also called “Lilavati.” 
Krishnamurthy Ss computer Solved linear simultaneous equations as 
expected, without the use of pencil or paper. Even though the digito- 
analog computer itself was original and unique but primitive for its 
time, the theoretical computing issues that Krishnamurthy and 
Ramachandran developed were accepted for publication by the 
Quarterly Journal of Applied Mathematics, an Oxford-based presti- 
gious journal on the subject. Krishnamurthy is currently a professor in 
the Computer Sciences Laboratory of the Research School of 
Information Sciences and Engineering at the Australian National 
University in Canberra. 

At any given time there were at least a dozen graduate students 
working on different problems in Ramachandran’s laboratory. Some of 
them were supported by research fellowships of 56 or 80 rupees per 
month, provided by Madras University. Some had Government of 
India scholarships of 200 rupees a month, there were a few who had 
University Grants Commission or CSIR (Council of Scientific and 
Industrial Research) scholarships of 250 rupees per month. After 
obtaining their doctorate degrees, Srinivasan and Sasisekharan were 
hired as lecturers in the department. 

It was not always easy for graduate students to meet and discuss 
their research projects with Ramachandran, as he was always busy 
working on his own projects. Most of the time he was in his office 
reading or writing extensively. But senior graduate students always 
helped their juniors with problems in crystallography, so it was not 
necessary for them to see “the Professor.” Very often he would spend 
long hours talking and discussing with some chosen student who was 
working on a problem of particular interest to him or who had obtained 
a result that excited him. Ramakrishnan for example would spend 
hours talking to Ramachandran on results of his calculations on the 
Stereochemistry of polypeptide chains. When such discussions took 
Place no other student could get a chance to see Ramachandran, 

There was a certain aura surrounding the Professor. New students in 
the department were simply afraid to see him alone in his ae 
Ramachandran was known to be very temperamental, al 
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and the rest of the department attended nee oon Colleagues 
who left for England or the United States jalt on are si 
Chandrasekharan, Kartha, Raman, Krishnamurthy, Sasisekharan, 
Thathachary, and others all left India for further training. Even at these 
parties, usually held in local restaurants the atmosphere could be rather 
tense once Ramachandran arrived. There was no reason for any tension, 
because Ramachandran was gracious and could easily carry on a con- 
versation on any subject. But it seemed that, in general, Ramachandran 
controlled the conversation, and the discussions were never trivial. One 
reason for the assumed tension was that all present were former or cur- 
rent students and it was an Indian tradition to maintain a respectable dis- 
tance between a teacher and a student. There was also a sense of awe 
os tespect for the individual who everyone conceded was intellectual- 
y head and shoulders above the rest of the company. 
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12. First International Symposium in Madras 


Twelve years after he returned from Cambridge, Ramachandran made 
his next foreign trip, spending three months in Germany, a week in 
Stockholm, and two weeks in England. He wrote to several people and 
arranged to visit their laboratories. Many of them had not heard of 
Ramachandran or Madras. The contacts he established during this trip 
and his scientific accomplishments enabled him to successfully orga- 
nize an international symposium in Madras in January 1963. 

He had invited Sir Lawrence Bragg to visit Madras. Bragg was the 
director of the Cavendish Laboratory in Cambridge when 
Ramachandran was working for his doctorate degree nearly fifteen 
years earlier. Bragg had moved from Cambridge to the Royal 
Institution of Great Britain in London, where as director he was gath- 
ering a group of young crystallographers to work on protein structures, 
just as he had done earlier in Cambridge. Initially, Bragg agreed to 
come to India with his wife. The symposium was arranged around his 
visit in order to give an opportunity for the crystallographers in India 
to meet and listen to Bragg. Unfortunately, at the last minute Bragg 
was unable to attend the symposium due to some unexpected health 
problems. In his place he sent David Phillips (now Lord Phillips of 
Ellesmere) who had just moved from the Medical Research Council 
Laboratory in Cambridge to the Royal Institution. 

It took an enormous amount of hard work to organize a symposium, 
everyone in the department was totally involved in some aspect of the 
symposium. There was no precedent for such an event at Madras 
University. The lectures had to be planned and lecturers for each ses- 
sion had to be chosen. Appropriate personalized invitations had to be 
sent to each scientist and tracked. Travel and lodging arrangements had 
to be made for the visitors from Australia, England, Europe, Israel, 
Japan, the Soviet Union and the United States. Now there are private 
organizations that can handle these arrangements. But Ramachandran 
had to do all of this at a time when there were only two large Western- 
style hotels in Madras, Hotel Oceanic and Hotel Connemara. There 
was no large air-conditioned auditorium in Madras University; perhaps 

it was not necessary in the winter-like weather in January. However, 
to reduce disturbance from outside noise in the lecture rooms, special 
air-conditioning units were installed in the lecture halls of the Madras 
University buildings where the meetings were to be held. 
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n Dr. Ernest C. Watson, who was previ- 
ously Dean of Faculty, at Caltech, Pasadena. Fortunately for 
me he was the science attaché to the U.S. embassy in New 
Delhi and we became good friends. When I had financial 
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and where in the United States they were coming from. He 
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took care of boarding and lodging and travel expenses of all 
the scientists coming from the United States. 
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Rao and several other graduate students in the department 
prepared a brochure for the conference and collected money 
from various advertisers in Madras. 


The conference began with a keynote address by Professor Sir C. V. 
Raman, followed by scientific presentations by most of the partici- 
pants. There was lively discussion after every paper. The Academic 
Press published the proceedings of the Madras Symposium in two sep- 
arate volumes in 1963. There was of course a banquet for all the par- 
ticipants, at which the guests were treated to delicious Indian cuisine 
followed by a classical music concert by the famous M. S. 
Subbulakshmi. 

Foreign guests did not come to India just to attend the symposium; 
many wanted to see other tourist attractions in India, and such visits had 
to be arranged by the organizers of the symposium. Language was 
another major problem for outside visitors. Tamil is the language of 
Madras, even though most residents in Madras understood and could 
communicate in English. Ramachandran’s students found themselves 
working as scientists, travel agents, tour guides, and translators, all at the 
same time. Almost all visitors were very highly impressed by Indian hos- 
pitality, the intellectual and scientific content of the symposium, and the 
mystique of the Indian subcontinent. 

A winter School on Advanced Methods of Crystallography was 
organized at Madras University following the International 
Symposium. Many of the leading scientists who attended the sym- 
posium were requested to deliver a series of three lectures in the 
winter school, which was spread over six days. The lectures dealt 
with various aspects of crystallographic research, methods of 
structure determination, study of crystal imperfections, disorder 
and thermal vibrations and their effects on X-ray scattering, theo- 
ry of neutron diffraction, and application of group theory to the 
Study of various crystal properties, among other topics. The lec- 
tures delivered in the Winter School were also published by the 
Academic Press. 

The 1963 symposium and winter school set an admirable precedent 
for a number of similar symposia arranged regularly in Madras, usual- 
ly around the visit of some famous foreign scientist. A second such 
Symposium was held in 1967 to coincide with the visit of Linus 
Pauling. Dorothy Crowfoot Hodgkin was another distinguished visitor 
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13. Second International Symposium in Madras 


Blated with the success of the first International Symposium in January 
1963, and the development of a hard sphere model for finding the 
allowed conformations of a polypeptide chain, Ramachandran decided 
to organize yet another International Symposium on Conformation of 
Biopolymers in January of 1968. By then, the University of Madras had 
endowed the Raman Visiting Professorship of Physics to enable distin- 
guished scientists from England or the United States to spend a few 
weeks in Madras. The first Raman Professor was Sir Lawrence Bragg, 
who had visited India in 1965 with his wife as guests of Ramachandran 
and the University of Madras. At that time, they were treated royally, 
visited several laboratories throughout the country, gave a series of lec- 
tures, and also visited numerous attractions in various parts of India. 

In 1967, Ramachandran invited Linus Pauling to come to India as the 
Raman Professor of Physics and also decided to organize a symposium 
around this visit. The International Union of Pure and Applied Biophysics 
cosponsored the symposium. There was a very distinguished organizing 
Committee that included Chris Anfinsen, Bill Harrington, Fred Richards, 
Harold Scheraga, and Ramachandran. Having organized one internation- 
al symposium, the second one was much easier, receiving generous finan- 
cial support from the Indian government through the University Grants 
Commission, Council of Scientific and Industrial Research, and the 
Atomic Energy Commission. Ramachandran was an_ internationally 
known scientist and the University of Madras and the government of India 
readily extended their support. A large number of scientists, both from 
within and outside India attended the four-day symposium. 

In his Presidential Address, Professor Linus Pauling traced the his- 
tory of the structure of proteins, both in crystalline and fibrous forms, 
his own work on the discovery of the alpha helix, and his work on the 
structure of collagen. In the last part of his lecture he acknowledged: 
“Tt turned out that Professor Corey and I did not get to make our sec- 
ond guess [about the structure of collagen]. In 1955, Professor 
Ramachandran and his coworker G. Kartha described the striking 
triple-helical structure of collagen that is now generally accepted as 
being correct. Although I may have some feeling of regret that 
Professor Corey and I did not succeed in making our second guess, 
Which I trust would have turned out to be the right one, I may point out 
that the problem was a very difficult one, and that Professor 
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Sasisekharan and Ramachandran presented a paper describing their 
successful hard sphere approach to the study of the conformations of 
polynucleotides and nucleic acids. Unlike the case of polypeptides, the 
experimental measurements of the dimensions of nucleotide 
monomers are meager which makes it difficult to choose proper values 
for the relevant parameters. Moreover, the nucleotide unit is not as 
rigid as a peptide unit and there are a large number of possible free 
rotations in the nucleotide structure. In spite of this, the authors 
showed an enormous restriction in possible orientations in polynu- 
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Among students who obtained their doctorate degrees under 
Ramachandran’s direct supervision and went as fellows to laboratories 
in England and the United States, Gopinath Kartha occupies a very sin- 
gular place and deserves special mention for several reasons. As the 
first associate of Ramachandran, he was a key player in establishing the 
Madras department. He was Ramachandran’s collaborator on the deter- 
mination of the structure of collagen. Kartha was also the first associ- 
ate of Ramachandran to settle in the United States. He started at the 
Brooklyn Polytechnic Institute in the Laboratory of Professor David 
Harker, the well-known American crystallographer. Harker moved to 
the Rosewell Park Memorial Institute in Buffalo, New York, and Kartha 
moved with him. He spent over thirty years in the Crystallographic 
Research Center of the Rosewell Park Memorial Institute. A pioneering 
protein crystallographer, Kartha started the very first X-ray crystal 
structure analysis of the protein ribonuclease in the United States. He 
completed the structure and shared the honor with Frederick Richards 
and Harold Wyckoff of Yale University. Kartha continued his work on 
several interesting crystallographic problems. Unfortunately, he suf- 
fered a series of heart attacks and eventually died in the prime of his life. 
In Ramachandran’s words: “Kartha was the best postdoc I ever had. 
After he left for the United States, and started the ribonuclease inves- 
tigation, he was very frustrated. It was Bellow who had crystallized the 
protein, and David Harker wanted to give all credit to Bellow. But it 
was Kartha who was doing all the work required to solve the structure. 
Kartha got so frustrated that he wanted to simply give away all the data 
to anyone who wanted it, and slowly lost interest in that problem. 
Kartha never liked publishing papers. He solved the crystal structure of 
morellin, an organic compound we obtained from the National 
Chemical Laboratory in Poona, but he never published the result. 
Similarly, Ephraim Katchalski sent me a_ tripeptide Pro-Pro-Pro; 
Sasisekharan and Ramakrishnan solved the structure by energy mini- 
mization, and I sent the material to Kartha who solved it by X-ray dif- 
fraction, and he never published it either.” : 
_Ramachandran made a long visit overseas in 1966. It was his first 
{tip outside India since his student days. He went to the Department of 
Biophysics at the University of Michigan at Ann Arbor to be a visitin 
Professor at the invitation of Professors Onclay and Krimm. While in 


siting 


icts in Madras 

por, he asked Professor John Edsall of Harvard if he 
Ann Arbor, © research appointment for him at Hary, 
arrange a part tes they did not have such a provision, g 
summer. nt anne of Chicago. Professor Robert Lan 
suggested the “ apo bated to fulfill Ramachandran’s wish, but th 
was then ! - at immediately afterwards. Thus began a longet en 
he ioe al sci Ramachandran and the University of Chicar 
cee f Biophysics, where he was a part-time professor dy; ; 
Department of Biophysics, 978. He applied fi d Uring 
the period between 1967 and 1 770. Hie applied tor and got an Nyy 
research grant for working in Chicago and to hire a full time post doc. 
toral research associate, who was stationed in Chicago to work on his 
research project even when he was not there. Ramachandran Usually 
employed one of his students from Madras for periods of two to three 
years. . 

Ramachandran was expected to visit Chicago every summer 
between May and August as part his appointment. Sir A. L. Mudaliar, 
the Vice Chancellor of the Madras University, had no objections to his 
annual trips, and considered it a great honor for the University to have 
one of its faculty members hold a joint appointment with the presti- 
gious University of Chicago. He was happy to grant Ramachandran 
leave of absence. This was to change after Mudaliar left the university 
in 1968 and Mr. Sundaravadivelu became the new vice chancellor. 
Surprisingly, he refused permission to continue the practice even 
though Ramachandran’s visits to Chicago imposed no financial oblig- 
ations on the University of Madras. 

This was one of the earliest signs of conflict between 
Ramachandran and the new administrators of the University of 
Madras, Sir A. L. Mudaliar was a great educator and had maintained 
a very high standard of education at a university which enjoyed at 
— reputation. This was achieved by hiring eminent scientists as 
ia or heads, keeping them happy by providing a highly siete 
fetttics ao and allowing them to conduct research without me 
Tesearch, In oui Series att het amapmailis ei 
Ramakrishnan ‘. ear Ramachandran there was pinerene 
S. Sadasivan, wino tal ai physics department and pies in the 
whole country at Mad ee dg age a in 
biochemistry department eee Ws Habeatonts E a orga 
1 chemistry de ad ent, and Professor S. Swaminathan in fie 
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good . yan fs hire in their departments, all they 
liad to.do) was [0 Convince udaliar and a new faculty position would 
be created immediately. 

Several colleges affiliated with the University of Madras enjoyed 
full autonomy in administration and selection of faculty. The 
University science departments were focused on postgraduate educa- 
tion and research and their primary mission was to train scientists to 
teach and do research. A committee consisting of prominent elected 
educators from the State of Madras called the “University Syndicate” 
determined the administrative policies of the University. Many of its 
members were professors from affiliated colleges. Ramachandran’s 
father was a member of the syndicate when he was the principal of the 
Maharajah’s College in Ernakulam. A Registrar was in charge of the 
routine day-to-day administration of the University. 

By all accounts Ramachandran was a superstar in the University; 
Mudaliar knew it and did everything within his power to keep him 
happy. Mudaliar was quite aware that Ramachandran had conducted 
science of the very highest caliber and had received international 
recognition for it. There were frequent rumors about a Nobel Prize for 
Ramachandran and people in the department used to gloat that he was 
“frequently knocking at the door of Nobel Prize.” He was already a 
recipient of the prestigious Jawaharlal Nehru Fellowship at the 
University. The University Grants Commission, India’s major funding 
agency for higher education, made large awards of grant money to 
Ramachandran’s department for the purchase of equipment and fel- 
lowships to train graduate students in biophysics. The department was 
named the “Center for Advanced Study in Biophysics and 
Crystallography.” The Department of Botany under Professor 
Sadasivan was the only other department in Madras University that 
was similarly designated as a Center for Advanced Study. 

One instance of Mudaliar’s continued support is reflected in 
Ramachandran’s words: “I wanted a computer for the department, 
Mudaliar made a very strong recommendation to the UGC and the 
UNESCO. Malcolm Adisheshayya, who later became a Vice 
Chancellor of the University of Madras for a very short time, was a 
deputy director of the UNESCO and he helped to arrange funds for a 
computer. We acquired an IBM 1130, which is probably not as power” 
ful as many current personal computers, but it helped us at that time 
with our research.” 
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Mudaliar ie cain strative assignments required of a Universit 
bureaucratic Ane © dicate. Mudaliar simply allowed Ramachang 
Professor by the om research. In fact R. Srinivasan, who was by - 
to concentra a department, managed the routine administratiy, 
a ar department. Alladi Ramakrishnan had also been pro. 
duties of the caiman of theoretical physics, first at the Madurai 
moted as pts University of Madras. Ramachandran had absolute} 
ea aiskenie to do with Alladi Ramakrishnan’s tratisactions 
with ie university, even though he was originally hired to be part of 
the Department of Physics in which Ramachandran was designated 
the head of the department. In fact, Alladi Ramakrishnan was already 
in the process of building a separate Institute of Mathematical 
Physics in Madras using his reputation as a leading theoretical physi- 
cist and a member of the famous Alladi family. 

All this patronage and support disappeared when Mudaliar retired 
as Vice Chancellor and Sundaravadivelu replaced him. By all 
accounts Sundaravadivelu was an antithesis of Mudaliar. He was 
director of public education in the State Education Department 
before he became the Vice Chancellor of a major university and cer- 
tainly did not seem to understand the subtleties of research or higher 
education. It was also generally believed that he had a dislike toward 
the Brahmin caste, that in his opinion, had dominated all aspects of 
life in Madras, particularly in the field of education. Ramachandran 
and several other Madras University professors belonged to the 
Brahmin caste. 

Madras, now called “Tamil Nadu,” enjoyed an ancient rich tradition 
and culture dating back to several hundred years. It also had some of 
an porrary in South India. Hatred of the Brahmin caste 
a iene. : in Tamil Nadu. Brahmins, who originally belonged 
; nideerstien c ass, were well educated and occupied many senior 
ee on in the state and federal governments. This ie 
Razsgana? apart revolutionary political organization called Drav! ‘ 
Ga , y of Dravidians whose goal was to improve the des 

y of non-Brahmins in all walk: ‘ : § h Indians 
were of Dravidian dece t WaIKS of life. Historically, South : 
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toward the Brahmin class into legislative advantage, setting in place a 
generous quota system for non-Brahmins in higher education and gov- 
ernment jobs. The general impression was that there was a total disre- 
gard for merit and Brahmins had a very hard time obtaining admission 
to medical and engineering colleges. There was even sporadic violence 
against members of the Brahmin community. It was under these cir- 
cumstances that Ramachandran was running the physics department in 
the university under Mr. Sundaravadivelu. Unfortunately, even after 
nearly three decades, the situation has not changed very much in Tamil 
Nadu and the apparent discrimination against Brahmins continues to 
this day. 

According to Ramachandran, “Sundaravadivelu did not appreciate 
that our department was better than several other departments in the 
university. For instance, I was having some collaboration with one Dr. 
Natarajan of the biology department. Sundaravadivelu did not like it, 
he felt that there should be no collaboration between departments, biol- 
ogy should not be done in physics department or vice versa [sic]. In 
general there was a very hostile atmosphere.” 

There were several other instances of “hostility” between 
Ramachandran and Sundaravadivelu. There was a vacancy for a Reader’s 
job in the Center for Advanced Study in Biophysics and an informal offer 
was made during Mudaliar’s regime to one of Ramachandran’s former 
students who had done some years of postdoctoral research in North 
America. The new Vice Chancellor reneged on that offer and 
Ramachandran could do nothing about it. Ramachandran decided to hire 
him instead as a pool officer of the government’s Council of Scientific 
and Industrial Research. The CSIR created this position to help resettle 
Indian scientists returning from postdoctoral training abroad. The scien- 
tists hired could remain in the pool until they found more permanent jobs 
in India. Sundaravadivelu apparently invoked some archaic rule that no 
department could have more than one scientific pool officer at any given 
time and Ramachandran’s department already had one and he blocked the 
appointment. 

On another occasion, without prior consultation with 
Ramachandran or Srinivasan who had replaced Ramachandran as the 
department head, Sundaravadivelu hired a non-Brahmin as a com- 
puter programmer and sent him to work in their department. Not only 
Was there no need for a new programmer, it also was alleged that this 
Individual had no suitable qualifications for that position. 
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nd the vice chancellor. ns 
t that Sundaravadivelu refused to gr. 

: says ant 
nce to go to Chicago as a visiting pro. 
Ramachandran had to obtain Permis- 
trar’s office before he could take even half a day's 
Ramachandran wrote to the Registrar on 4 
August, 1967: “AS [have to perform my father’s annual ceremony [a 
religious observance performed on the death anniversary] I will not 
be able to attend the department during the forenoon of Saturday, 5 
August, 1967. I request you to grant me half a day’s casual leave.” 
On 13 September, 1967, more than five weeks after the event, a sec- 
retary from the Office of the Registrar sent a routine form letter with 
his initials granting the professor casual leave for 5 August! Such was 
the bureaucracy in the halls of the University of Madras. 

It is ironic that an individual of Ramachandran’s stature had to 
apply for a half-day’s casual leave from the Registrar of the universi- 
ty. That same year Ramachandran received a letter from the Nobel 
Committee in Stockholm asking him to nominate a scientist for the 
Nobel Prize in Physics for 1967. He replied that he was more famil- 
iar with the most recent advances in Chemistry or Medicine and that 
he would be happy to nominate a scientist for a Nobel Prize in those 
fields, He nominated H. G. Khorana for the Nobel Prize in Chemistry. 

All these events were too much to take for Ramachandran, and he 
decided to return to Bangalore to start a new life. 
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In 1970, Ramachandran resigned from the University of Madras and 
moved to the Indian Institute of Science in Bangalore, the same place 
where he had started his scientific career. Professor Satish Dhawan, a 
well-known space research scientist and an aeronautical engineer, was 
the director of the institute at that time. He invited Ramachandran to 
the institute and promised full support. 

In Professor Dhawan’s words: “Professor Ramachandran’s capabil- 
ities were simply great, setting aside his physical problems. He came 
here because he was unhappy in Madras. In fact, I had requested him 
to start a seminar series in molecular biology in the Institute, with the 
help of various divisional chairmen. . . . I casually told him that he 
should come to the institute if he was unhappy in Madras: the next 
thing I know he knocked on the door of my office and said he would 
come. We made an offer that he could not refuse and so he came to 
Bangalore. His job was to start a molecular biophysics group. In fact 
before he came here, I went to each chairman in the institute and asked 
them frankly: ‘Did they like to collaborate with him, did they welcome 
him or did they dread him?’ Everyone was happy that he was coming 
and they welcomed him. He brought some of his own people, V.S. R. 
Rao, V. Sasisekharan, C. Ramakrishnan, and others.” 

Thus began another saga, in a tale of two cities, in the life of 
Ramachandran. Though Ramachandran resigned from Madras 
University in 1970 and with a clear mandate to start a new department 
of molecular biophysics at the Indian Institute of science, he immedi- 
ately left for Chicago for one year. There he began recruiting some fac- 
ulty members from the United States for his new department. He offi- 
cially started the new department in 1971. 

Originally a few members went with Ramachandran from Madras 
and later even more joined him in Bangalore. A critical mass was 
attained very quickly, the faculty who joined Ramachandran were very 
excited at the prospect of a new department under the leadership of the 
world renowned Ramachandran. V. S. Ananthanarayanan was a physi- 
cal chemist, who got his degree in physical chemistry with Professor 
Santhappa from the University of Madras, and did postdoctoral work 
'n Professor Harold Scheraga’s laboratory at Comell University. He 
Met with Ramachandran in Chicago in 1970 and was immediately 
Tecruited to be one of the first members of the new department in 
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Bal Faswaran, M. Vijayan and P. Balaram also joined the 
t, at various times afterwards. Vijayan was 

who obtained his doctorate from the 
e Institute and did postdoctoral research in 
the laboratory of Professor Dorothy Hodgkins in Oxford, England. A 
bioorganic chemist, Balaram who had obtained his doctorate in the 
United States and did postdoctoral research in Woodward’s laboratory 
at Harvard. R. Chandrasekaran, a former graduate student and a post- 
doctoral fellow in Ramachandran’s laboratory in Chicago, also joined 
the Molecular Biophysics Unit. He remained in Bangalore for only a 
couple of years, and left because of personal problems relating to 
bureaucracy and living conditions in India. Specifically, the same 
denial of leave of absence that led Ramachandran to move from 
Madras to Bangalore repeated itself in case of Chandrasekaran. He 
took a permanent job in the United States where he is a professor of 
structural biochemistry at Purdue University in Lafayette, Indiana. His 
primary area of research is X-ray fiber diffraction of non-crystalline 
biopolymers. 

Starting a new department in Bangalore was not smooth sailing for 
Ramachandran, in spite of the institute being a leading research institu 
tion in India. First of all, there was no benefactor like sir A. L- 
Mudaliar. Dhawan, who was the director of the Institute at that time, 
pare commitments. After the unexpected death of one 4 
Desnitaton? aos and chairman of the Indian Space oan 
diaieunech ey am Sarabhai, Dhawan had to take on that con 
eas ees esto me pl 
athena os bids ane crashes in India involving Soviet-built He 

ities kept Dhawan extremely busy and he was 0 
away from Bangalore. Whenever hi + titte, his students 
greeted him with a si : ba came to the institute, in” 
omeone startin Ee Saying, “Wie tp seo $00. a f help 

g anew department, Ramachandran needed a lot 


in obtaini atts: 
ing funds to buy new equipment for the different sinvestigat™ 


Molecular Biophysics Uni 
an X-ray crystallographer 
Department of Physics in th 


Bangalore Revisited 107 

Ramachandran applied to the University Grants Commission 
(UGC) for an Advanced Center for Biophysics in Bangalore, sinilar to 
the one he had in Madras. The biology section of the UGC said that his 
request was in the domain of the physics section, but the physics eb 
tion said that it was in biology’s domain. In another incredible exam- 
ple of Government bureaucracy, they finally agreed that since he was 
instrumental in starting a Center for Advanced Studies in Madras and 
left it to go to Bangalore, he should not get a second center. 

In general the Indian Institute of Science had a reputation that each 
director looked after his own department. This was not all that bad 
since directors were chosen from different departments of the Institute 
at different times. Raman took care of physics and the director who 
succeeded him fostered the engineering departments. Director 
Bhagavantham’s period did not see either a new department or any new 
innovations. Dhawan, an aeronautical engineer, was partial to the 
needs of that department and encouraged space research. Director C. 
N. R. Rao developed research in structural chemistry. Under current 
Director Padmanabhan, biological sciences, biochemistry, and molec- 
ular biology are being developed. 

While in Madras, Ramachandran had a research grant from the 
National Institutes of Health in the United States. Luckily, this grant 
was transferred to Bangalore, and he could use the funds for purchas- 
ing small equipment and chemicals, however, there were not enough 
funds for more sophisticated equipment or a computer. Much of the 
equipment and chemical supplies needed to do research had to be 
imported from outside India and this usually required payment in 
American dollars or British pounds. The government of India kept 
strict control on the release of foreign exchange and Ramachandran’s 
research grant from the NIH was extremely valuable in providing the 
necessary foreign currency. 
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In an extraordinary move, the National Science Foundation award- 
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ed Ramachandran a research 
An urgent application was sent by Ramachandran to Dr. McElroy, the 


director of National Science Foundation, who got it evaluated immedi- 
ately and asked Ramachandran to present an outline of his project in 
the form of a seminar in Washington, D.C. Within two weeks the grant 
was approved. The administrators at the University of Chicago were 
absolutely delighted about this development because the biophysics 
department was paying part of the expenses of Ramachandran’s post- 
doctoral fellow, which could now be paid from the National Science 
Foundation award. 
. During this period, Ramachandran made an important contribution 
in the field of biophysics dealing with the three-dimensional recon 
dei of an object from two-dimensional shadowgraphs of a num 
ae tae This technique has‘ several practical applications. 
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Tomography” or CAT. 

This project actually resulted from a meeting Ramachandran had 
with Aaron Klug in Cambridge, England. Klug had done pioneering 
work on image reconstruction of electron micrographs of virus parti- 
cles. These were done in three dimensions, while Ramachandran used 
Fourier transforms of the projections, meaning that the calculations 
were done in two dimensions. This resulted in quicker and easier com- 
putations. ; 

Ramachandran sent the first paper on this topic to C. V. Raman in 
October 1970 for publication in the Proceedings of the Indian 
Academy of Sciences. Raman accepted the paper a few weeks before 
he died in November of 1970. Ramachandran continued this work in 
Chicago, where computing facilities were much better. Professor S. 
Chandrasekhar, the Nobel astrophysicist from the University of 
Chicago, communicated a second paper on the subject in 1971 to the 
Proceedings of the National Academy of Sciences, in the United States. 

This paper is purely mathematical and highly theoretical, contain- 
ing many complicated equations on Fourier transforms and convolu- 
tions. The most convenient mathematical technique for reconstructing 
a structure of a three-dimensional object using data generated from 
transmission photographs is by way of Fourier transforms. These trans- 
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The data in two-dimensional sank pe ee iNto its 
Fourier space in two dimensions, a to i sah : ree-dimensign. 
al Fourier transform of the object, which 1s then ae -transformed to 
give the original object in three dimensions. It is well known that the 
Fourier transform of the convolution of two functions is the product of 
the Fourier transforms of the individual functions. Therefore, any 
reconstruction technique based on Fourier transforms is capable of 
being rewritten in a new language such that it is converted to a set of 
formulae involving only convolutions. 

In Ramachandran’s method, three-dimensional Fourier analysis js 
avoided'and only one- and two-dimensional syntheses are used, thereby 
reducing the computational times involved. In this method the object is 
rotated about an axis and shadowgraphs are obtained by having a paral- 
lel beam of radiation coming at right angles to the axis of rotation. 
Transmission photographs are taken at different rotational settings of the 
object about its axis. This is equivalent to keeping the object fixed and 
rotating the radiation source about the same axis. Using only convolu- 
tions they reconstructed the image in three dimensions. Because the for- 
mulae involve only summations over one variable at a time, the convo- 
lution method is much faster than the two dimensional reconstruction 
with Fourier transforms which requires double summations. The relative 
increase in speed is even larger when greater resolution is required. The 
required number of shadowgraphs is also reduced, along with the com- 
puting time required for the reconstruction process. This is the basic 
principle of Magnetic Resonance Imaging, or MRI, now used so suc- 
one ce a diagnosis. The construction of a practical CAT scan 
scientists imehediadh oo Ee n four years later bas agree al 
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University of Chicago. Also, the biophysics department had neither the 
expertise nor the interest in constructing the instrument. 

Ramachandran continued his research on protein structures and pep- 
tide conformations. R. Chandrasekaran, a postdoctoral fellow in 
Chicago, worked with him on conformations of peptides with alternat- 
ing sequences of L and D amino acids. Such sequences are biologically 
significant because they are often found in important peptides partici- 
pating in transport of ions across membranes or in antibiotics. Almost 
all antibiotics contain D amino acid residues and structural studies of 
such peptides were important in understanding their biological activity. 

While in Chicago, Ramachandran interviewed Dr. Balaram for a job 
in the new Molecular Biophysics Unit in Bangalore. Balaram was 
doing postdoctoral research in Woodward’s laboratory in Harvard at 
the time. He was asked to go to Chicago to meet Ramachandran in the 
University campus. As Dr. Balaram recalls: “First thing he asked me 
was if I knew about the structure of collagen. Being an organic 
chemist, I had not heard of collagen and so I said I did not know about 
it. I think he was annoyed and disappointed at me but went on to talk 
about some one and two hydrogen bonded structures and asked me if 
NOE [Nuclear Overhauser Effect] or NMR [Nuclear Magnetic 
Resonance] would distinguish between the two structures, I said no to 
that. Then there was a long silence. K. P. Sarathy, his postdoctoral fel- 
low joined us, again there was a long silence. As I remember it, we 
marched off to lunch to some canteen, there was a strange silence, and 
then he abruptly said he was busy and walked away. That was that.” 

Woodward usually does not write too much about other people, but 
when he actually does he tends to go overboard. Apparently he sent a 
long cable to Ramachandran about Balaram which eventually reached 
the selection committee and Balaram was immediately hired as a lec- 
turer in the Molecular Biophysics Unit. Ramachandran believes that 
this was one of the best selections he made for the unit. 

There was a down side to Ramachandran’s frequent visits to the 
United States and to the University of Chicago—he always returned 
frustrated and depressed at his inability to do the kind of research in 
India that he could do abroad. Computing facilities were so primitive 
'n Bangalore that his students and postdoctoral fellows had to wait for 
Ma hours to get on a computer. Often other biophysicists in the 
le States were working on problems similar to what he was work- 

8 on, but there was no way he could compete with them. 
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17. Turm 
red from Chicago in 1971 to continue th 
sion of the Molecular Biophysics Unit at the Institute. He recruit 
ew faculty members and planned an educational curriculum fo, ed 
ohn and doctorate programs. V. S. Ananthanarayanan vsay 
K R. K. Easwaran (KRKE) were the first two members recruited : 
senior research fellows with the promise ofa faculty POSition as fs 
as one was created. Both were appointed as assistant professors Sey 
afterwards and VSA took over the responsibilities of running the 
department, attending chairmen’s meetings in Ramachandran’s place 
even at these early stages. Ramachandran and his NIH grant fp 
research in India provided valuable foreign exchange for purchase of 
chemicals and equipment, including a new circular dichroism machine, 
But there was no separate building for molecular biophysics and no 
real laboratory space for any of the faculty. VSA and KRKE conduct- 
ed their experiments in the organic chemistry, biochemistry, or chemi- 
cal engineering departments. 

At the same time, Ramachandran was busy initiating a Molecular 
Biology Discussion Group that included members from the depart- 
ments of biochemistry, microbiology, chemistry and physics. The par- 
ticipants met occasionally to discuss research topics of mutual interest. 

‘By 1974, there were nine faculty members in the Molecular 
Biophysics Unit (MBU)—Ramachandran, Sasisekharan, V. S. R. Rao, 
C. Ramakrishnan, KRKE, VSA, P. Balaram, M. Vijayan, and R. 
Chandrasekaran. It was jokingly referred to as the “Madras Brahmin 
wee even though not all members were Madras Brahmins, 
cain ec was simply not on anyone’s mind. The faculty a 
ae ch far Soar quite enthusiastic about being part of a team 
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iS ‘Ashok Kolaskar, Manju Bansal, and Alop Mitra were some of the 
first students of Ramachandran in Bangalore. Manju Bansal was his 
only female student. Ramachandran would interview all students who 
were admitted into the graduate program, rank them according to their 
merits, and usually selected the top ones in the list to work with him. 
The students considered it a great honor to have been selected to work 
with Ramachandran, much to the dismay of some other members of 
the department. 

Raj Bhatnagar, an organic chemist from San Francisco was on a 
sabbatical leave at the institute. He provided a number of collagen-like 
synthetic di and tripeptides for Ramachandran to study their physical 
chemistry and X-ray diffraction. But there was no X-ray generator at 
that time in the unit. The students had to take their crystals to the X- 
ray laboratories of the organic chemistry or physics departments to 
take diffraction photographs. 

Several students recalled that Ramachandran was sometimes very 
angry and would scream at his students. Since their offices were all 
located in the cramped quarters of the lecture hall complex, all people 
in and around the building could hear about it. Consequently, when 
something like this happened, it spread across the campus rapidly. Just 
as day follows night, he would apologize the very next day to whomev- 
er was the target of his wrath the previous day. Everyone was fully 
aware of the tremendous breadth and depth of his knowledge in any 
field, so they tolerated these “aberrations.” A standard joke of the time 
was that he would give a problem to one of his students and say “Take 
your own time and show me the results tomorrow.” However, he was 
very enthusiastic when a student showed him some results, no matter 
how trivial. And he always had encouraging words for students and 
Was never short on new ideas. 

One of the most significant events for the institute in 1977 was 
qamachandran’s election to the Royal Society of area ao 
Sasi eae - Royal Society 18 aligns ie a el ves- 
tiges ae ae a fellowship asia = am elected as fellows 

lurin ¥ eg ay fodiens = dd tically after 
ing the British rule, but this number had decrease ras 
ndia became independent. Ramachandran clearly should have iia 
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al Society many years earlier, rie . 1955 When he 
s | amre of collagen, OF ten years later after he . 

pallilee renee and be phi-psi diagram. But this ese . 
the cee es rae ro Dorothy Hodgkin, the famous Nobel 
ita hoe ‘es crystallogra pher in Oxford who had determined the ie 
tal structures of vitamin Bi and insulin, was instrumental in his nomi. 
nation and subsequent election to the Royal Society. On their Way to the 
United States, Ramachandran and his wife stopped over in London to 
receive the honor ina special ceremony at Burlington House, the seat of 
the Royal Society. Ramachandran performed the august duty of signing 
the register of fellows, which contains signatures of many illustrious 
luminaries including that of Sir Isaac Newton. 

The period between 1972 and 1978 witnessed the rapid growth of 
the Molecular Biophysics Unit, but there was also tension and turmoil 
within the department. Ramachandran’s mental health showed 
increased strain, problems that had begun to appear even when he was 
at Madras. He became extremely irritable and depressed. One of the 
unpopular things Ramachandran tried to do in those formative years 
was to start a post-M.Sc. diploma. He wanted to teach courses and 
wanted everyone in the department to teach too. Of course, no one 
liked it, and therefore no one was enthusiastic about it. As one facul- 
ty member put it: “I did not know how to handle him at that time, now 
Tknow what to do. He always wanted me to work on collagen. I would 
simply listen to him patiently, come out of his room, and do what I 
wanted to do. He would occasionally run his tantrums, and when it 
concerned me or affected me I was worried, otherwise I ignored it. 1 
a tk cenieh Mi too overpowering, and too overwhelming. 

Gleam Sree not quite appreciate his worth. 
heals sahan veh en Ramachandran would be very happy; and 
department would bent es tee es . ke an 
sh riatieiesctae rca a : backwards to keep him happy: 
coffee, you are not invite lag gelieny sap a 
he was invited, he onl eth a wills yout Gi INP ae ct 
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thitiieihettyaetter eee ls ae 

Ts were sharing crowded office and laboratory 


facilities. Sj ; 
since they did not have their own building and laboratories 


they were 
, Scattered in dj aye jntet- 
action almost cde buildings and that made mutual int 


yi4 0 Turm 
elected to the Roy’ 


; Turmoil in Bangalore 115 

There were vast differences in the hierarchi 
administration between University of Madras an 
of Science. Madras had a pyramidal structure with one senior prof 
sor at the top who was in charge of the department and Sawer: . 
was of a lower rank or order. This was certainly true of the Ph 
Department in Madras, where most faculty members were Pca os 
dents of Ramachandran and they felt a special sense of indebtedness to 
their mentor. This was even reflected in the selection of their research 
problems. ; ; 

The departments at the Institute in Bangalore had no such pyrami- 
dal structure. All faculty members had equal status, they were all sep- 
arate and independent, and each had to prove his or her merits individ- 
ually. The chairman of a department was simply an administrative 
head; the faculty members pursued their own independent research 
programs and applied for their own research grants. The system was, 
and is, similar to what exists at most American universities, where 
tenure and promotions are granted purely on the merits and achieve- 
ments of each faculty member. Perhaps this was not easy for 
Ramachandran to get used to, and it caused some friction and unpleas- 
antness between him and other faculty members. 

It is interesting to note that there were two categories of faculty mem- 
bers in the Molecular Biophysics Unit: those who came with 
Ramachandran from Madras and those who were hired in Bangalore. 
The structure of the department in Bangalore allowed for free expression 
of opinions about how to administer academic programs for graduate stu- 
dents and how to conduct research programs. There were frequent dis- 
cussions about how common resources were to be distributed. There also 
were arguments, even among the “originals,” as to who deserved to get 
more favor from Ramachandran. No two individuals thought alike and it 
led to ill will among the faculty. Of course, it is not uncommon to have 
differences of opinion in departments with many diverse, young, bright, 
ambitious faculty, but there was a definite undercurrent of dissatisfaction 
in Ramachandran’s department. As one faculty member described, “the 
atmosphere was very, very tense at every faculty meeting” ; 

After Sasisekharan became chairman of the Molecular Biophysics 
Unit, his relations with Ramachandran were neither cordial nor pleas- 
ant. Some students would go to Ramachandran to discuss ed 
Tesearch problems, and ask if such and such an experiment cou ie) 


could not be done. Ramachandran would give his opinion, but appar” 
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antly it was not proper provecuee iets “s . such discussions 

ent ye hey were not his own students. Sasisekharan knew + @§ 
aa : heats and thought it should not have ae TUles 
S atertiee did not know the rules, got frustrated, and belie. ae 
he was being deliberately excluded from such discussions, at 

As Chairman, Sasisekharan would write letters to the 
Grants Commission, but they would send their reply to Ram 
not Sasisekharan—either because they were unaware of the 
tive structure in Bangalore or because they considered Ra 
the senior scientist. In any case, it was another source of un 
within the department. 

Indian science was also going through a period of turmoil, The ga 
between science done in India and that done in Europe or the United 
States was ever widening, with India lagging behind by several years, 
There was a general feeling among Indian scientists that their co}. 
leagues from the Western countries frequently ignored their work, and 
they didn’t take time to read foreign journals. Instead they obtained 
their information about what was going on in their fields from tele- 
phone conversations with friends and by attending national meetings. 
When they actually visited India it was not necessarily to understand 
or interact with local scientists, but more for a holiday or vacation. 

There were serious discussions among Indian scientists about what 
kinds of research problems were appropriate for “Indian conditions.” 
Why was everyone rushing to publish papers in foreign journals? 
What was wrong in publishing in Indian journals? Curiously, even 
Indian government funding agencies were asking specific questions 
about the number of publications in foreign journals. ; 

With qualified young scientists leaving the country and migrating 
mainly to the United States, the brain drain was a major problem in 
India. Jobs were scarce for such scientists in India and the level of frus- 
tration was very intense. When a department recruited a new ped 
Person, a junior candidate returning from outside India was sometime 
sae over a senior candidate from within India. received @ 
sami meal relief all around when Ramachandran aa 
United Stites, Ih He _— ae ene years after 
his last visit “ ra happened in August of 1977, near! be a yeat asa 
research scholar € United States. He was invited to a f the Nation®! 
Institutes of Hales the Fogarty International Center 

in Bethesda, Maryland. 
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18. Fogarty Center—Bethesda 


The National Institutes of Health (NIH) in Bethesda, Maryland, is a 
conglomeration of research institutes dedicated to conducting research 
in the health sciences and finding ways to combat various diseases 
The National Heart Institute, National Cancer Institute, National Eye 
Institute, and the National Dental Institute are among the research 
institutes at the NIH. One component of the NIH is the Fogarty 
International Center which organized a Scholars-in-Residence 
Program. Each year six to ten eminent scientists were invited to NIH 
for a period of six months to a year to conduct “studies of importance 
to biomedicine and international health” on problem of their choice. 
The invited scholars lived with their families in the “Stone House” on 
the premises of the NIH campus in Bethesda, where they ate dinner 
together and exchanged ideas in an informal atmosphere. 

Ramachandran shared his tenure as a Fogarty scholar with several 
eminent scientists including Professors Howard Schachman of 
Berkeley, Nathan Sharon of Israel, and George Pickering, a physician 
from the University of Oxford. The Fogarty scholars held frequent dis- 
cussions with other scientists at the NIH campus, visited universities 
and research laboratories around the United States, and gave seminars. 
All in all, it was a highly prestigious and intellectually satisfying 
assignment for the selected individuals. 

As a Fogarty scholar, Ramachandran presented a paper on the influ- 
ence of vitamin C on immune response at the Sanibel Symposium on 
Quantum Pharmacology, held in honor of Professor Linus Pauling. He 
was trying to understand one of Pauling’s favorite hypotheses: Why is 
vitamin C good for health, in particular providing resistance to certain 
infections? The importance of hydroxyproline residues in stabilizing 
the collagen triple-helical structure was well known to Ramachandran. 
Proline hydroxylase is the enzyme that converts proline to hydrox- 
yproline using Vitamin C as a cofactor. In a different but related field, 
Rodney Porter and his coworkers in Oxford were studying the com- 
Plement protein C1 q of the immune system and had shown that its lin- 
ear sequence contained proline and hydroxyproline similar to that of 
Collagen. The complement system participated in eliminating foreign 
Molecules or pathogens attacking an organism. Ramachandran pro- 
Posed that vitamin C might be essential for the synthesis and i 
nance of hydroxyproline in the structure of the complement as Lead 
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Pauling’s hypothesis. 
andran also undertook a complete analysis of al] 

Ramachan . nsf polypeptide chains, including the alpha hey: 
secondary sng collagen type triple-helical structure (designat Clix, 
beta “we Famili helix also occurs in polyproline II and Men as 
gamma he ee Three such helices may occur side by side = 
lycme mr twisted around as in collagen; 349 helix and beta ty be 
seth S deiut proteins. All these were right-handed helices aly 
ser chant helix that was proposed for a polypeptide chain i 
an d omega helix, which occurred, for example, in poly-beta 
benzyl-L aspartate and related polypeptides. 

In 1977, Oleg Jordetzky postulated the existence of another type of 
helical structure for a peptide chain that occurs as a part of the Lac 
repressor, which interacts with DNA through three Tyr residues on the 
protein. The standard alpha helix formed a hydrogen bond between 
carbonyl oxygen of residue n and the amino hydrogen of residue (n + 
5), while in the new helix proposed by Jordetzky the hydrogen bonds 
were between the amino group of residue n and the carbonyl group of 
residue (n + 5). In Bangalore, Ramakrishnan made a thorough search 
of all possible types of single helices for L-amino acid residues and 
found that the only ones that can occur are of the types alpha (right- 
and left-handed), beta, 349 (left- and right-handed), and gamma. He 
ruled out any other type of structure under the criteria adopted by him. 
At Ramachandran’s suggestion, Chandrasekaran of Purdue University 
and Manju Bansal of the Indian Institute of Science also did energy 
calculations for various types of structures. All structures were reex- 
amined, and it was concluded that the helix suggested by Jordetsky 
was theoretically impossible. 

The dimensions of the peptide unit, its planarity, the bond angles; 
etc., can all vary by small amounts. In the lower left-hand quadrant of 
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Chandrasekaran, T. S. Jardetzky, and O, J 
(FEBS Letters — 1 1-14). If Tyr oc 
tion, us oe myer ei ean Sbibe nearly at right angles to the 
helical axis anc’ assiline an arrangement spaced by about 6.8A which 
would make it possible to intercalate readily with DNA. 

While Ramachandran was in Bethesda, Sasisekharan and his col- 
leagues in Bangalore were proposing an alternating helical structure of 
DNA. The main feature of this model indicated that it is possible to 
construct a left-handed helix for the DNA structure with practically the 
same values for the helical parameters as the accepted Watson-Crick 
right-handed helix. The Bangalore group also indicated that it is very 
likely that DNA in the cell may have a structure that is partly right- 
handed and partly left-handed, which would be alternating from one to 
the other at frequent intervals. This means that the net twist for a long 
stretch of DNA would be close to zero, instead of N/10 as would be the 
case for the Watson-Crick structure of N nucleotides. 

The alternating helical structure having no large twist in any one 
sense along its entire length is suitable for explaining the biological 
replication mechanism of DNA. The replication does not involve any 
large-scale twisting or untwisting. Similar results were obtained at 
about the same time by an independent group of scientists in Australia. 
Both groups published their results and a major debate ensued about 
the validity of the new DNA structure. Like many other scientists, 
Francis Crick, the original discoverer of the right-handed DNA double 
helix did not accept this new model for DNA. 

Ramachandran presented the results of the alternating model in 
some detail at every laboratory he visited in the United States as a 
Fogarty scholar. Sasisekharan had provided him with a set of slides on 
the alternating DNA model, which became very useful for 
Ramachandran when he visited these laboratories. On such occasions, 
he obtained critical comments on the model, and suggestions to modi- 
fy or improve the essential ideas developed in Bangalore, so that the 
Model would be acceptable to biologists and X-ray crystallographers. 
In all, Ramachandran visited twenty-seven laboratories in England, 
Germany, and the United States as a Fogarty scholar. — 

In summarizing his stay in the Fogarty Center, Ramachan as 
a Matha omy thiprenre pease 2BO0kT a sa wemalicll 
that was provided to us, namely that Washingto a rantien of 
Was after a gap of some thirty years that I had the opp 
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18: Professor S. Ramaseshan felicitating Professor 
Ramachandran during the latter’s sixtieth birthday 
celebration held in The Indian Institute of 
Technology Auditorium in Madras in January 1982. 


17; Professor Ramachandran signing the 
book of Fellows of the Royal Society in the 
Burlington House in London. Drs. Vijayan 
and Blundell are looking on. 
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21: Ramachandran’s parents, Professor G. R. 22: Professor and Mrs. Ramachandr. 
Narayana Iyer and Srimathy Ammalu in early 1950s). an (photo take 
Ammal. 


in the 


23: An earl: : i 
Y photograph of Professor Ramachandran and his family (taken hele 


1960s), i 
ie tT ceed and Rajam are seated. Standing are their daughter vuey” 
ls sh Narayan and their second son Hari Narayan. 
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24: Professor and Mrs. Ramachandran (photo taken in 1997), 
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19. Mathematical Philosophy 


In July 1978, Ramachandran returned to Bangalore. Sasisckharan was 
still the chairman of the Molecular Biophysics Unit, and lots f changes 
had taken place there. Several decisions, some af them mihi 
were made at the faculty meetings in Ramachandran’s absence. in 

One was the decision not to hire any new faculty members until the 
department moved into a new building, which was under construction. 
Several faculty members were away on sabbatical leave and they all 
signed a petition along with Sasisekharan Tecommending that there 
would be no new hiring in the department in their absence. 
Ramachandran was totally unaware of this development and was either 
planning to make some new recruitment or was in the process of nego- 
tiating with suitable candidates. All the junior faculty members met 
with Director Dhawan, explained their views on the postponement of 
new appointments, and obtained his support and endorsement. His col- 
leagues’ decision, even on a temporary basis, was a major disappoint- 
ment for Ramachandran. 

In the middle of this turmoil, everyone was apprehensive about how 
Ramachandran would react to the new changes, and there were things 
to frustrate him. He sensed that he was unable to motivate his col- 
leagues in other departments to undertake joint projects of mutual 
interest. He attempted for two or three months to organize discussion 
groups between the biochemists and biophysicists to explore joint 
research possibilities. Unfortunately, there was no enthusiasm and no 
dialogue between members of the two departments. 

He was eager to initiate new joint projects aimed at understanding 
the molecular basis of various diseases, for example the study of col- 
lagen in relation to arthritis. Again these initiatives went nowhere; 
there was no cooperation from his colleagues in the institute. 
Likewise, MBU protein crystallographers had considerable difficulty 
Setting up collaborative projects with colleagues in the biochemistry 
department. Even obtaining small quantities of pure protein for doing 
Crystal structure analysis was apparently difficult. Some —— ne 
the biochemistry department was more occupied in training stu o . 
‘oward doctorate degrees, which would then also make it easier 
crank out large numbers of publications. 


When Ramachandran visited a number of lal 
States ag Fogarty Scholar, he realized that crystallography had grown 
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into a highly specialized computer-and equipment-oriented subject, 
was convinced that it could not reach the same level of Sophistication q 
India without a massive influx of funds, mainly in the form of fore; 7 
exchange. Making no headway in any new venture, his frustrations aa, 
tiplied and he decided that it was time for him to change course, 

There were rumors that Ramachandran was not happy with the Sit- 
uation and wanted to leave the MBU. The faculty members faced a 
serious predicament. If they agreed with him, he might feel that he was 
being driven out. If he remained, there would be continued tension, go 
when Ramachandran said he wanted to leave the unit, they neither 
agreed nor disagreed with him. Instead they politely suggested that he 
should do whatever pleased him the most. Eventually, the tension 
eased when Director Dhawan decided to appoint him as an Institute 
Professor in a new unit. 

While in Bethesda, Ramachandran had become interested in the the- 
oretical aspects of biology, which posed fresh challenges and new oppor- 
tunities for him. He therefore accepted Dhawan’s offer and considered 
naming the new unit “mathematical philosophy.’ Dhawan objected to the 
word “philosophy,” preferring “mathematical biology” instead—maybe 
he didn’t want a philosophy department in a science institute. It had to 
be either mathematical biology or theoretical biology. 

Thus, in 1979, Ramachandran began a new endeavor in a separate 
office in the Institute’s main library. (Though the name of his depart- 
ment would later change to mathematical philosophy when Dr. C. N. 
R. Rao became the new director). For all administrative purposes, this 
unit was associated with the physics department, chaired by Professor 
P. S. Narayanan, an experimental physicist, as well as a close personal 
friend and a great admirer of Ramachandran, Ramachandran severed 
all relations with the Molecular Biophysics Unit which he helped to 
create ten years earlier, 

Ramachandran hired a computer programmer, and two secretaries, 
one to type personal correspondence and another for scientific manu 
scripts. He also hired a specialist in electronics to help him build cil 
cuits for testing and implementing some of the results he obtained 0" 
logical relations in information processing. . he 
; “i wrote several interesting papers on an assortment of apnea 
fn subjects, some of which were highly mathematical In nal ig 

Onsequently, he had difficulty publishing them in journals of ma ate 
matics or philosophy. Editors of the former group of journals sugee 
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ed that his papers were appropriate for journals of philosophy and edi- 
tors of the latter journals felt that the same papers were too mathemat- 
ical for their readers. Ramachandran ended up publishing them in the 
institute itself as MATPHIL (for Mathematical Philosophy) Reports. 
They included over seventy papers on subjects ranging from Syaad 
Nyaaya, an aspect of Jain philosophy, to Kena Upanishad, one of the 
Upanishads in Indian philosophy and the relation between science, 
mathematics, and philosophy. Some of the reports dealt with the col- 
lagen structure, others with lattice dynamics, and one of them con- 
cerned the fundamental phase problem in crystallography. Some of 
them were based on invited talks he gave at different universities or 
associations in and around Bangalore. One of the masterpieces that 
Ramachandran wrote in 1981 was based on a plenary lecture present- 
ed by him at the second State University of New York at Albany 
Conversation in the Biomolecular Stereodynamics organized by 
Professor Ramaswamy Sarma, entitled “Biomolecular Conformation 
—Retrospects and Prospects (A Philosophical Review).” It was a 
remarkable personal reminiscence of some of his major achievements 
in the field of biomolecular conformations, and was a very engaging 
presentation filled with interesting anecdotes. 

Ramachandran’s stay at the Mathematical Philosophy Unit was by 
no means smooth and peaceful; it had its own ups and downs. He had 
no graduate students or postdoctoral fellows; he could not even arrange 
group meetings with faculty members in other departments of the 
Institute. There was just no interaction between him and other mem- 
bers in the Institute. Ramachandran felt that some of them were trying 
to avoid him. He dearly wanted a personal computer for doing numer- 
ical calculations, but there were no funds to buy one. Of course he had 
secretarial help, which was essential and useful because he was pro- 
ducing an enormous number of MATPHIL Reports. 

One of the early MATPHIL Reports that he wrote in 1979 was on the 
subject of Syaad Nyaaya, also known as “the doctrine of may be: 
Sayaad means “maybe” and Nyaaya means “logic” in Sanskrit. 
According to Jainism, a very old form of non-Vedic religion born in 
“ay any logical statement has more than two truth values, it ita cs 
sibs may be false, or it may be doubtful, meaning en it oe es 
‘i mn true. Everyone easily understands the first ig — shoe CE 
fire So obvious. An elaborate description of Syaad Ny’ ed icon 

Sented by Professor Hiriyanna, a philosophy professor of the “ly 
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book The Essentials of Indian Philosophy (first pub. 

orge Allen & es Ltd., econo p. 59), 
ematical operators, vectors, and . 

Ramachandran per Larne ‘da ie logieal stakes idea 

in Boolean alge! Sectaé Matrix Formulation” or BVMF for short, Hie 
called Seale of Syaad Nyaaya seemed like a natural and logi. 
set coreasion of the research he had done earlier. While he was work. 
ing on the conformations of polypeptide chains, he began to question 
how unique the dihedral angles phi and psi were in describing polypep- 
tide conformations. For a given stereochemically valid conformation, 
corresponding dihedral angles are fixed. Is the reverse true, i.e., fora 
given set of dihedral angles, is there a valid, possible conformation or ’ 
: is it doubtful? 
} In BVME, vectors are used to represent the states of various input 
and output logical statements, and matrices are used to represent inter- 
mediate logical interconnections. A one-to-one correspondence is set 
up between matrix algebra and the interrelations among statements in 
an argument expressed by means of logical connectives. Thereafter it 
is believed that any problem, or theorem, in propositional calculus of 
logic can be solved and verified. 

The logical operations OR and AND of standard classical logic are 
analogous to sum and product in Boolean algebra of genus | or BA-1. 
It has only 2! or two elements, represented as the binary digits 1 and 0. 
This can be extended by the use of BA-n, generated by n Boolean ele- 
ments and 2" states. BA-2 for example, represents all connectives of 
propositional calculus, via 2-element Boolean vectors, (T = (1,0), F= 
(0,1)) and 2 x 2 Boolean matrices. There are two new states in addi- 
tion to TRUE and FALSE which are designated as follows: D for 
oe =(T +F) = (1,1), and X for “impossible” = (T x F) = (0.0). 
lot a mpd ee or aN bd ne 
Syaad-Vaada or Syand re e four states of SNS or BA-2 in a 
described here “may b yaaya (Doctrine of Doubt). The truth sta 

BA-3 with 3 i e id true or false.” — 
sible and | impossibia), “wee has eight (or 2°) a ue 
predicate logic” As de * is analogous to what is called ae - 
listed the ae scri ed by Hiriyanna, the Jain philosophe Sat 
“Sapthabhangi” the int seis at Bae ene a to) 
Sapthabhangi scheme cory of seven parts. The various steps - 
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1) for all, or may be a thing is; (1 0 0); 
2) not for all, may be it is not; (0 1 1); 
3) for some, may be it is and is not; (0 | 0); 
4) all or none, may be it is inexpressible (1 01); 
5) for none, may be a thing is not and is inexpressible (1 | 0); 
6) there exists, may be a thing is and is inexpressible (0.0 1 : 
7) indefinite, may be a thing is, is not and is inexpressible (11 1): 

and finally : 
8) impossible (000). 

Ramachandran worked out and published the BVMF of BA-2 and 
BA-3 in no less than 40 MATPHIL Reports during a period of eleven 
years from 1979 to 1990. He described matrix algebra and computer 
programs for predicate logic and extended predicate logic. He even 
designed a “Syaad Nyaaya Yantra,” Syaad Nyaaya machine to work 
out solutions for various logical statements. 

One of the simple applications of BVMF is to help understand a 
number of paradoxes that exist in the literature. Paradoxes and antin- 
omies are commonly present in the literature of logic. Such a paradox 
has no solution in classical logic. However, it can be shown to have 
two solutions in SNS—doubtful (1,1) or contradictory (0,0). It can 
also be shown to have an interesting solution in the Sapthbhangi 
logic—(0,1,0)—corresponding to the result that ‘a statement exists 
but is not provable to be definitely true or definitely false.” Some 
examples follow. 

Consider the statement “What I say is false.” Is this statement true 
or false? The usual answer is that if the statement is assumed to be true 
(T), then the consequence is that the statement is false (F). On the other 
hand, if the statement is taken to be false (F), then the consequence Is 
that the statement is true (T). We thus have a paradox. If this statement 
K fed into matrix calculus in the form stated above, anda mie 1s 
given the problem of checking whether it is true or false, then abe - 
On printing a series of continuous outputs—T, RT, F,... ete. oe : 
Say is false” the well-known paradox of the liar. The ae bh 
vlocking such paradoxes in standard logic is to avoid pe in 
Tuth conditions for statements of a language oF logic. 

‘Nguage itself, 
ie the statement is restated as: “If 
ter Le. in the form of an implication, (A 
Nif T is fed in for the input state, the ou 


t I say is true, then it is 
ne aa (Ais false). 
tput will be F; if Fis fed 
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y Dj and, on Tepentio” the process stops there 
fter give only D. In other words, the amine 
give no definite information and has a 


in, the output is onl 
because D can therea 
is that the statement A can 
indefinite D state. 


A second paradox says: “The barber of Seville shaves all those who 


do not shave themselves. Does he shave himself or not?” One of the 
two following possibilities is valid. It is an impossible or contradicto- 
ry statement in logic, so that it may be concluded that the barber of 
Seville does not exist, or it is perpetually doubtful whether the barber 
of Seville shaves himself or not and no definite information on this can 
ever be obtained from this line of inquiry. 

In one MATPHIL Report, Ramachandran elaborates on another 
interesting paradox from the ancient Hindu philosophy used to 
describe the Divine Force of the Universe in Kena Upanishad: “If you 
think you know It, then you do not know It, and if you know that you 
cannot know It, then you know It.” This statement conveys perpetual 
doubt and indefiniteness. 

The new BVMF method described by Ramachandran still provides 
a practical technique of testing the validity of arguments, including 
proofs of mathematical theorems. 

Ramachandran’s faith in mathematics is intense as this quote from 
one of his MATPHIL reports illuminates: “I think that there is no doubt 
that natural science can be made fully mathematical ultimately. A 
good physicist must be a theoretical physicist; a good chemist must be 
a physicist and must know mathematical theory. A good biologist must 
be a good chemist and must be therefore a good physicist. Therefore, 
on cannot be sufficiently good in biology unless he has a mathemati- 

instinct, although he may not be proficient in actually applying 


mathematical methods to his specific problems.” 
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Even the mathematical philosophy group at the Institute did not work 
out as well for Ramachandran as he might have hoped. During the peri- 
od between 1978 and 1982, he hired a computer programmer and a 
technical assistant to write computer programs and also to help build 
some electronic circuits to apply the results of Syaad Nyaaya for infor- 
mation processing. Ramaseshan, who succeeded Dhawan as institute 
director, did not see eye to eye with Ramachandran on many matters. 
The close relationship between these two eminent scientists who had 
known each other for nearly four decades was unfortunately deterio- 
rating. 

In 1981, Ramachandran felt that it was impossible for him to con- 
tinue not only in the institute but also in Bangalore, and so he decided 
to leave. He moved to the Center for Cellular and Molecular Biology 
(CCMB) in Hyderabad, a pioneer institution developed by Dr. Pushpa 
Bhargava, a well-known molecular biologist. Getting Ramachandran to 
Hyderabad was a great accomplishment for Dr. Bhargava, even if it 
turned out to be for too short a time. Though the move was actually ini- 
tiated by Ramachandran, for once Dr. G. S. Sidhu, the director general 
of the Council for Scientific and Industrial Research, moved extraordi- 
narily fast. Ramachandran was offered the post of Distinguished 
Scientist at the CCMB, an honor bestowed on senior retired scientists 
who continued to be scientifically active and productive. The appoint- 
ment provided a research grant which included a monthly salary and 
complete intellectual freedom to do any kind of research or establish 
any type of experimental facility in crystallography or in biophysics. 

Unfortunately, even this new venture did not last too long. 
Ramachandran’s move to CCMB in Hyderabad was perhaps too pre- 
mature. At the time, an ultramodern research facility was still mostly 
in the planning stages and construction had barely started, All the sci- 
entists were located in ‘different buildings, the library facilities were 
inadequate, and mutual consultation and collaboration was not possi- 
ble. Ramachandran also found out quickly that the intellectual atmos- 
Phere in Hyderabad was not as rich and varied as in Bangalore. The 
en in Hyderabad tended to be unbearably hot most of a 
ane to Bangalore which is well known for its moderate climate. 

lon, the infrastructure in Hyderabad needed a lot of improvement. 

Simple thing such as a telephone was not available for 
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Ramachandran’s use and he was told that it would take two Years befor, 

he could get one in his residence. Even the simple task of arranging re 
a doctor’s appointment created enormous logistical problems. It jg Not 
surprising that Ramachandran returned to Bangalore in less than four 
months. Fortunately, the Ramachandrans still owned their house in 
Malleswaram in Bangalore and so resettling was not too difficult, 

Now the Center for Cellular and Molecular Biology in Hyderabad 
is one of the foremost research institutions in India, very well equipped 
for doing state-of-the-art research in molecular biology. It has success- 
fully attracted and employed several eminent Indian scientists returp- 
ing from abroad who are now doing outstanding research in their field, 
Ramachandran would find today’s atmosphere extremely pleasant, 
even though the weather in Hyderabad is still as hot as it was when he 
first went there. 

In 1982, Ramachandran turned 60 years old. In India the normal 
mandatory retirement age for every one but politicians is 58 years and 
extensions are granted only under extraordinary circumstances. 
Ramachandran, nevertheless, continued his assignment as a 
Distinguished Scientist of the CSIR, which graciously allowed him to 
work from his own home. He had already resigned from the Indian 
Institute of Science and so there was no question of his going back 
there and he simply did not want to return under the administration that 
had him go to Hyderabad. 

Between 1982 and 1984 Ramachandran did most of his research at 
home in Malleswaram. However, by the end of 1982, Ramachandran 
wrote to the CSIR that he did not want to take any salary as 4 
Distinguished Scientist. So from January 1983 to August 1984, though 
he earned no salary, he continued to do research at home. The secte- 
tary who had worked for him at the institute would come every morn 
ing to take routine dictation of letters and manuscripts. For adminis- 
trative purposes, Ramachandran transferred his CSIR fellowship to the 
National Aeronautical Laboratory in Bangalore. Obviously he did not 
want anything to do with the institute. Was there a similarity betwee" 
what was happening in case of Ramachandran and what happened (© 
his mentor, Sir C. V. Raman, four decades earlier? i: 

ae traditional in most academic institutions to felicitate a nee 
ed scientist's 60th birthday with a party and a symposium or at si 
public meeting. Ramachandran was a distinguished scientist, amo > 
alumnus of the institute, and a founding member and chairman 9 
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department in the institute. Yet surprisingly no One in the institute was 
forthcoming with plans to celebrate his birthday. True, he was no 
longer a full staff member, but he had contributed much of his life to 
the progress of science at the institute. No matter how one looked at it, 
it was an unfriendly gesture on the part of his colleagues at the insti- 
tute and seems unjustifiable; it simply defies rational explanation. 

But the Madras group had not forgotten Ramachandran. In spite of the 
fact that he had long since left Madras University, Professor Srinivasan 
and his colleagues organized an elaborate birthday ceremony. They 
arranged an international symposium in his honor. A number of distin- 
ished scientists, from all over the world, including many past students, 
attended the symposium and delivered lectures on various emerging 
aspects of conformational biology and its principal tool, X-ray diffrac- 
tion. There was an outpouring of respect and admiration for the scientif- 
ic contributions of Professor Ramachandran. Ironically Ramasheshan, 
who was then director of the Indian Institute of Science, presided over the 
ceremony and presented an elegantly prepared Festschrift on that occa- 
sion; it was a most delightful and moving ceremony. 

Speaker after speaker congratulated Ramachandran, wished him 
well, remembered their association with him, and recalled his contri- 
butions to the advancement of biophysics. When finally it was his tum 
to speak, he was overcome by the emotions of the moment and he said 
only four words with tears of appreciation. “Thank you, thank you” he 
said simply and returned to his chair. 

__ In 1984, the Indian National Science Academy 
its golden jubilee and created five special research professorships. The 
first one, the Albert Einstein Professorship, was offered to 
Ramachandran. It was a great and coveted honor, properly bestowed on 
an outstanding senior scientist in India. This four-year appointment 
8ave the recipient full freedom to work on any subject of his choice. 
By now, Professor C, N. R. Rao was the new director of the institute. 
He visited Ramachandran and requested that he return to the institute. 
He designated Professor P. S. Narayanan, chairman of the physics 
ok to be in charge of all his needs. Ramachandran a ie 
frous office space for his research and resumed work In 


athematical Phi i 
ilosophy Unit. ‘ is- 
ie a brutally frank interview, Professor Rao described Lehn 
Hie it was that Ramachandran was no ah uished 

'Ushan; a title bestowed by the Indian government on disting 


(INSA) celebrated 


{ honored w 
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Indian citizens. Rao himself had received the title and so had 
other contemporary and perhaps less deserving Scientists. He gai 
he nominated Ramachandran several times, even when he was Not on 
the selection committee. Later the government decided to do away with 
all such honors. Professor Rao also felt that Ramachandran should hive 
received the fellowship of the Royal Society, much earlier, 

According to Professor Rao, 


Many 
d that 


Ramachandran was not given proper recognition at the right 
time. If we had done that, maybe he would not have suffered 
so many nervous breakdowns in his life. I think he picked 
the wrong protein; collagen is not a glamorous molecule. He 
was working in a rough area. Even under the most favorable 
circumstances, it would be very difficult to get a Nobel 
Prize, but he is certainly the Nobel Prize caliber; he is in the 
same class. His was a good example of a case where recog- 
nition and a pat on the back would have done a lot of good. 

I think some people in the Molecular Biophysics Unit 
were afraid that Ramachandran would steal their ideas and 
talk about it everywhere. In fact, he would talk sometimes 
about my own work. I did not mind that at all. 

When Ramachandran was 60 years old, I wanted the 
Academy [Indian Academy of Sciences] to produce a 
Festschrift in his honor. I was the president of the Academy 
at that time,-but they did not do it. Later, in August of 1991, 
they collected together a number of invited articles and pub- 
lished a special issue for him. But there is a time for every- 
thing and they should have produced a Festschrift at the 
proper time. They have done it for several other people, 
some probably did not even deserve it. I know that even 
those scientists who think very highly of him failed to give 
him his due at the proper time, It is a kind of benign indif- 
ference, or what shall I say, not giving him his due. 
me diol have never allowed him to leave the a 
Geme: ro some bad episode in the MBU and he a 
ciet f = had his own faults, but they should een 
Molecular bi a a - i. gang te be “ what 
the ene ophysics was his strong point and that was it 

800d at. We should have done everything to ® 
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him to continue to do that. It is very sad. Ev 
younger people should forget all that ets = 
and go and talk to him. It was he who started that de - 
ment. I know he has not returned to MBU after he left t 

I know when I got my Fellowship in Royal Society, you see 
the fellows get the list as soon as it gets published, so he was 
in Hyderabad and he called me and congratulated me. I 
remember, it was exactly five years after he became a fellow 
of the Royal Society. I do not know what happened in 
Hyderabad. I certainly wanted to support and do everything I 
could for Ramachandran. I was very happy that the CSIR gave 
him their Golden Jubilee Award. I was also happy that GNR 
got the Nehru award. I am very happy that I could do some- 
thing to show my respect and my support of this great man. 


In 1989, Ramachandran gave up his Einstein Professorship when he 
went to the United States to visit his children. Since his return in 1990, 
he has continued his research without any grants from his home. This 
scientist never ceases to work. 

In 1990, amidst all his work on mathematical philosophy, 
Ramachandran published an interesting paper on the phase problem in 
crystallography. Surprisingly, it drew very little attention even among 
crystallographers. On the other hand, an almost identical paper published 


a year later by an investigator in the United States received considerable 


attention and application. Both papers appeared in the same journal. It 
he second paper, another 


was even more outrageous when the author of t! 
Indian, failed to cite Ramachandran’s paper. This represents the very sad 
code of behavior in scientific research one encounters periodically. 
(Ramachandran, Acta Cryst, A46, 359-365(1990); S. Subbiah, Science 
252, 128-131 (1991); S. Subbiah, Acta Cryst, D49, 108-119 (1993).) 
Inhis paper Ramachandran described a new direct method for determining 
the phase angles of reflections in the diffraction pattem of acrystal. The ampli- 
tudes and the phase angles are required to calculate the electron densities of 
Molecules in a single crystal. Ramachandran, a master in the art of nomen- 
Clature, called the new method RAGA for “Real-Atom Grid Approximation 
°F crystal structure analysis in the initial and intermediate stages*. 
RAGA al istributi f notes in Indian classical 
Music, Dito asear i  oa set to different ragas and 


ere : 
are hundreds of ragas in the classical music system. 
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The electron density distribution in a crystal is approximated by 4 
set of atoms distributed randomly over a grid forming a sublattice of 
the unit cell. The observed structure factor is compared with the caloy. 
lated structure factor for the grid atom structure and a standard least- 
squares refinement procedure is used to move the atoms of the approx. 
imate structure to their final correct positions. It may be necessary to 
perform a very large number of least-squares refinement cycles before 
the final solution is reached. Usually one starts with a low-resolution 
data and gradually adds more data and increases the resolution, 

Ramachandran not only worked out the theory, but also applied the 
method to structures of small molecules especially in two-dimension- 
al projections. He wanted to extend it to the case of biological macro- 
molecules, but had neither the manpower to do the calculations nor 
access to a super-computing facility in the institute. The investigator in 
the United States used exactly the same or similar principles and actu- 
ally applied the method for solving one or more structures of biologi- 
cal macromolecules. There was only one paper that Ramachandran 


wrote on this subject. The method is still being developed and used in 
solving protein structures. 
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AS mentioned previously, Ramachandran is a very temperamental per- 
son. This was one of the qualities largely misunderstood by many of 
his friends and colleagues alike. In fact, many people associate him 
with two characteristics—his extraordinary intellectual ability and his 
unusually temperamental nature. It is not clear when this behavior 
actually sprouted or what triggered it. Neither Ramachandran nor his 
family wants to conceal the problem in any manner or prevent discus- 
sion about it. It is no secret that Ramachandran received and contin- 
ues to receive psychiatric help. 

Ramachandran suffered a series of disappointments right from the 
beginning of his scientific career. That alone may have had something 
to do with his mental illness. Kartha and Ramachandran were the first 
to propose a coiled-coil structure for collagen. The importance of this 
discovery was overshadowed by Rich and Crick’s criticism of this 
structure, as well as Watson and Crick’s discovery of the double heli- 
cal structure of DNA. Collagen was simply not DNA and did not have 
the same glamour. 

There were no computers in Madras in early 1950s to enable the 
investigators to perform a refinement of their model when the structure 
of collagen was proposed. Kartha and Ramachandran had to use local 
homemade tools for model building and measuring bond distance and 
angles. Rich and Crick vehemently criticized the collagen structure for 
alleged short contacts, and there might even have been a deliberate 
attempt to delay publication of Ramachandran’s paper. For a young 
scientist barely in his thirties all of this must have been a devastating 
blow, certainly serious enough to cause a nervous breakdown. ; 

Fortunately, it did not have any lasting detrimental effects on his 
Productivity or creative ability in the field of molecular biophysics. 
Obviously though, it had a serious side effect on his relations with 
other people, his family, scientists and non-scientists, students, col- 
leagues, and friends. He was apt to lose his temper swiftly, though he 
Would be equally quick to apologize to the injured, be it his secretary, 
Student, or colleague. He was always frustrated at not being able to soa 
. wanted to do, be it a joint research project ee sa ees 
ofien . an administrative matter like a post-M.Sc. ip ner fea exit 

elie Conclude that those around him were not coopera a saa caill 
Ved that there was some conspiracy against him. Psychiatris 
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schizophrenia.” . ; 

e believed that others were doing experiments harm. 
fluencing his thinking, interfering with his creatiy;. 
him from being a great scientist. He believed that 
radio waves were being used in such experiments. He asserted that he 
was not under any delusion, but that it was all real. As a Scientist he 
believed that such experiments with electromagnetic waves were 
indeed feasible and this created a lot of anguish for himself, his fami- 
ly, his doctors, and all his friends. 

Because of this delusional thinking he often thought he was not per- 
forming at the peak level of his capacity. Fortunately, his scientific 
thinking, logic, or reasoning power was not disrupted. Those under 
such delusions are often treated in mental hospitals, but this was not 
necessary in Ramachandran’s case. In most respects, he led a normal 
life. He was very much interested in classical music; he could talk on 

-a wide range of topics, including philosophy, politics, or anything else, 
in a most cogent and persuasive fashion. In other words, his mental ill- 
ness did not invade other spheres of his activities. 

Ramachandran and his wife met a British physician, Dr. George 
Pickering, when they were at the Fogarty Center in Bethesda, Maryland. 
Dr. Pickering, who was a Fogarty scholar during the same period, had 
proposed the hypothesis that many scholarly people would not have been 
as creative and productive had it not been for their psychological prob- 
lems. Without such problems they would have been just “ordinary” peo- 
ple. In his book entitled Creative Malady Dr. Pickering analyzes the lives 
and minds of luminaries like Charles Darwin, Florence Nightingale, 
Mary Baker Eddy, Sigmund Freud, Marcel Proust, and Elizabeth Barett 
Browning to explain his hypothesis. . 
ie argues that illness, particularly psychological illness, 
Illness that is te pote oe nis ‘cages yap ob he mae 
ideal for creativit Ginn vera SE neo ye $s 
desrennieae at, ni arles Darwin suffered from an obscure illnes 
him from the tri ; = 7 fess te we psychoneurosis, which he 
solitude and felon ities of social intercourse, Illness provided ae 
concept of mera nt to develop and support his revolt 
illness has been ere novell tecogiized. The nature of bind f. 
Pickering cites four ota of great discussion and controveny ee 
ative illness, Joan of ye ae that satisfy his definition a a 

,» Mary Baker Eddy, Sigmund Freu® 


this “paranoid 

For example, h 
ful to his brain, in 
ty, and preventing 
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arcel Proust. 
There is no a priori reason why psychoneurosis should not indirect- 


jy benefit society at large as well as benefiting its victim. Dr. 
Pi ckering’s examination of Darwin and others, their achievements and 
their illnesses, has led him to conclude that the world is indebted to 
their illnesses for the great contributions they have made in their own 
times and to posterity. Without that illness the great work would not 
have been done, or done in such splendid style. That is what he means 
by creative illness. Dr. Pickering hoped that an understanding of the 
occasional usefulness of psychological illness would induce a more 
tolerant attitude by society. 

What is mental illness? The dividing line between mental health and 
mental illness is by no means clear-cut, nor is the division between the 
classes into which mental illness is commonly divided. Mental disor- 
der is divided into the more severe psychosis, and the less severe psy- 
choneurosis. 

Manic-depressive psychosis is a condition in which a mood of 
extreme exaltation and intense energy is followed by a mood of deep 
depression and inactivity; interspersed with varying periods of normal 
behavior, In the manic stage, ideas follow from one another with extra- 
ordinary rapidity. These ideas, combined with the intense energy, may 
lead to achievements and creations of the first rank. Depression is char- 
acterized by deep gloom; the subject feels that he is guilty of all kinds 
of errors of commission and omission; that he is utterly incompetent, 
and incapable of performing any useful service. 

Schizophrenia may be the most common psychosis. It b 
failure of social adjustment, which may seem an exaggeration of man 
ifest difficulties, produces a complete disintegration of personality 
Many of those who achieve distinction are hypomaniacs 'n whom 
i swings from one of energy, exuberance, and onl wa 
é te reverse. Freud was an example, Such people are ce ane i 
tie ng as circumstances do not press too hard, are in no ae 

N achieve great things. +e. they play a 
a creative people have a schizoid character; ie., they 
Te of the opposites, According to Dr. Pickering, 


egins with a 


a schizoid character aids 
s solitary. Second, 
to retain at least 


nda there are five ways in which : 
oe First, most creative activity ! 
Teative activity enables a schizoid person 
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+ of his fantasy of omnipotence. Third, creative activity, 
part 0 : izoid person, reflects his own scheme of values in 
for the : " heroetitt feature is that a greater importance 
which : . 4 to inner reality than to external world. Fourth, 
is a cits of creativity are peculiarly apt for overcoming 
age of arbitrary unpredictability. Fifth, creative actiy- 
=< can undoubtedly act as a defense against the threat that 
overhangs the schizoid person ha finding ibe wert aniaits 
ingless. The schizoid personality of Einstein and Newton 


fits this description. 


Does Ramachandran’s mental illness fit this description? Did his 
illness foster his creativity? There are lots of similarities to some of 
the personalities described above. Sigmund Freud, for instance, very 
strongly believed that he was a great scientist and deserved the award 
of a Nobel Prize for his discoveries. He was deeply disappointed when 
he did not receive one. Similarly, disappointment and frustration con- 
stantly tormented Ramachandran throughout his scientific career. Did 
it lead to his mental illness, and did it in turn facilitate more creative 
endeavors? 

Ramachandran never felt that he was actually competing; he 
only wanted to know the correct answers to the problems he was 
working on. Obviously, this was not true in his early career when 
he started his research on structure of collagen. He was indeed com- 
peting and wanted to be the first to come up with a correct struc- 
ture. He did come up with the noyel idea of a coiled-coil structure 
for collagen. Then spent more than a decade defending the two 
bonded-structure. He was quite frustrated by that effort, even by the 
very idea that he had to defend his proposed structure. Other inves- 
tigators in the field had used his ideas and developed similar struc- 
tures without properly acknowledging his contribution. He strong- 
ly believed that the difficulties he experienced and the reason why 
ei was not properly recognized was simply gua 
thing that hig one by an Indian—“How can an Indian do s° 

€ could not do?” 
ao ieee | torment and the associated massive doses of pin 
on Pahend indeed caused more problems for agar ad 
suffered some i : disease that currently afflicts him. He hig bite 
Peech difficulty in the later years of his 
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n’s disease makes his muscles very rigid : tic Problems 141 
to use his muscles as we do, once he shite wie net have the 
difficult for him to stop, or do anything else suddenly. Wotan are 
a not completely curable. Before a long conversation, he pre ied 
himself with a suitable dose of dopa, the standard medication = the 
parkinson’s oe : 
n Ramachandran's case, the paranoid schiz i ‘ 
' 1 that others were interfering with “ag neem 
psychiatrists call it a symptom, but he calls it “his experience” ad it 
seems perfectly logical to him. He tries to explain it with high-sound- 
ing technical terms that most people do not easily understand. From 
what we now know, mind reading and reading other people’s 
thoughts do not seem possible; they are illogical. He, however, is 
convinced that other people are indeed trying to read his mind and 
experiment with his brain using radio waves. 

Several people have described how Ramachandran would abruptly 
stop talking during one of his public lectures or seminars. There would 
follow an embarrassing silence as the host ran around trying to get a 
glass of water. After a couple of minutes, Ramachandran would regain 
his composure and continue his lecture as if nothing had happened. 

Most individuals suffering from this malady are also egotis- 
tic, to a certain extent, and have an exaggerated feeling of self-impor- 
tance, Ramachandran personally knew and had heard other people 
talk about his extraordinary intelligence and tremendous depth of 
knowledge. He was often surrounded by students and people who 
sometimes blindly admired him. Individuals such as Ramachandran 
suffer a monumental fall and are terribly hurt if anyone dares to 
oppose them or suggest that their ideas may be incorrect. 


parkinso 
flexibility 
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22. Ramachandran, 


different side to Ramachandran’s life that ‘is not 
who know him only as a scientist. He is a dedicat. 
d family man, a devoted father, and a very great philanthropist in 
ed fa , as two sons, one daughter and a grand- 


-y sense of the word. He h Ss, OF 
i All of his children have doctorates In different subjects, uphold- 
ine the family tradition of outstanding intellectual achievement, 


Ramachandran and his wife Rajam are justifiably very proud parents. 

Their first son, Ramesh Narayan, obtained his doctorate in crystal 
physics from the Raman Research Institute in Bangalore and later 
changed his research interests to astrophysics. He is currently a pro- 
fessor at the Harvard-Smithsonian Center for Astrophysics. Their 
daughter, Vijaya, got her doctorate degree in computer science from 
Princeton University in the United States, and is currently a professor 
in the Department of Computer Science at the University of Texas in 
Austin. Their youngest son, Hari Shankar, obtained his doctorate in 
plasma physics from University of California at Berkeley and is a 
senior scientist at the Institute of Plasma Research in Ahmedabad in 
the State of Gujarat in India. Hari Shankar is the father of a son born 
in 1995, the same year Ramachandran and Rajam celebrated their fifti- 
eth wedding anniversary. What a splendid gift to receive on such a 
happy occasion. 

Ramesh Narayan remembers how his father influenced his early 
interest in mathematics just as his grandfather had motivated 
Ramachandran himself. Ramachandran would challenge young 
Ramesh with puzzles, mathematical problems, and logical paradoxes. 
Sitting in the terrace of their residence in Madras after dinner 
ser ech a his son to constellations, planets, and stars 
or fei Lg Beata observations. This early introduction 
patie ‘ect on Ramesh who has chosen modern astrophysics 

areer, 
igen ha wits by his father to study physics in vine 
eaetien ndran, as a physicist, felt that persons who lea 
move on to whatever field they liked. Ramachandran 
gave the same advice to Vijaya and Hari. Vij y candied nysics 
as an undergraduate but ote an Hari. Vijaya indeed studie ph = 
ing and computer sci at sequently switched to electrical engine ; 
eintinescs cience. Hari on the other hand studied electric? 
gineering as an undergrad ics for his 
graduate and changed over to physics 


There is a totally 
apparent to those, 
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ali graduate and postdoctoral studies. ; 

‘as noted earlier, Ramachandran married Rajam in 1945 before his 
cambridge trip for a second doctoral degree. Rajam has been - 
extremely influential person in Ramachandran’s life. It was probably 
not as being the wife of a famous scientist, whose sole preoccupa- 
tion was science. Science was an obsession with Ramachandran; he 
could not divert his attention until a Satisfactory solution had been 
found to every problem he was investigating. Even at the dinner table, 
he could be totally oblivious to the conversation around him, and 
would remain silent for a long time. His mind would be somewhere 
else; then, all of a sudden, he would talk about something scientific that 
they were discussing a long time ago. This must have created trouble, 
at least in the early years when the children were still growing. Then 
followed his psychiatric problems in Madras. Surprisingly, the children 
knew very little of their father’s problems, their mother successfully 
isolated and insulated them from what was going on with their father. 

Once, soon after their marriage, Ramachandran visited Rajam at her 
parents’ house in Nagpur in Central India. Ramachandran either for- 
got or simply did not know that he should take some gift for his 
beloved wife. Having realized it late, he presented her with a collec- 
tion of reprints of his published papers! 

Ramachandran and Rajam are extraordinarily magnanimous. Their 
donations and contributions to charitable institutions are exemplary, 
but their modesty prevents them from talking readily about this sub- 
ject. For example, in early 1960 Ramachandran made a generous 
donation of 5,000 rupees to the Adyar Cancer Institute in Madras for 
the purpose of establishing a bed in the name of his mother. One day 
on his way home from work, he simply walked into the Cancer 
Institute, asked for the director, and wrote a check for the donation. 
This happened just as he was starting his career as a professor at the 
University of Madras. His father, who was alive at the time, reminded 
his son that he had a young family to care for and had to save for their 
education, A plaque commemorates this donation over a bed in the 
Adyar Cancer Hospital. . . 

Ih qamachandran has received over a dozen awards at aaa: 
dharhiayy, every case, he has donated the monetary ai ae 
cational ia organization or instituted awards of his own In va 
Organizations in Madras and Bangalore. 5 
1. Shanti Swarup Bhatnagar Prize for Physical Science (1961) 
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| Memorial Prize in Biophysics (1964) 
hur Wilson Award by American Leather Chemist 


144. Rama 


2. Watumu 
3. John Art 


Association (1967) _ 
4, Meghnath Saha Medal of the Asiatic Society (1971) 


5. Srinivasa Ramanujan Medal of Indian National Science 

Academy (1972) > 

6. J.C. Bose Award of University Grants Commission (1976) 

7. J.C. Bose Award of the Bose Institute (1977) 

8. Fogarty International Medal of the NIH (1978) 

9, Indian Institute of Science Alumni Award (1979) 

10. Sir C. V. Raman Medal of INSA (1982) 

11. R. D. Birla Award for Medical Sciences (1985) 

12. CSIR Golden Jubilee Award for Life Sciences (1991) 

13. M. P. CSIR Jawaharlal Nehru Award for Science (1992) 

In 1985, he donated the cash prize that accompanied the Birla 

Award for Medical Sciences, the very large sum of 100,000 rupees, to 
the Prime Minister’s National Relief Fund to help the victims of the 


chemical disaster at the Union Carbide factory in Bhopal in Madhya 
Pradesh. They discovered that there was no special organization ded- 
icated for this purpose and all donations were being received by the 
National Relief Fund. 

It is ironic to note what happened to one of the awards that 
Ramachandran received outside India. The American Leather 
Chemists Association selected him to receive the John Arthur Wilson 
Award in 1967 for his contribution in the field of collagen, the results 
of which directly related to leather chemistry. The award included a 
large plaque, which was presented to him in the United States. Since 
he did not want to carry it with his personal luggage to India, he asked 
them to ship it to his home address. When the package arrived at the 
Madras port, it had to be cleared by the customs officials. The officer 
on duty determined that Ramachandran had to pay 2,000 rupees toward 
import duty. His explanation that it was an award and not something 
he had purchased failed to convince the officer. Reluctantly, 
Reman et he package with he ests fer. Nowe 
ceptions Oe padkaus ieen sii to relax the rules and Se 
ttle er teoenerile ; ee never to be seen again. A . ei? 
much the country nae rapes oe ee = ail its 
‘we nown acetic, TT s the recognition accorded to one : 

s. The award is probably decorating the mante 
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One of the 17 2 : 1 i es paid to Ramachandran happened 
in 1993 When the Centra Leather Research Institute in Adyar, Mad 
constructed and dedicated a large auditorium on their campus to Ps 
“pioneering work on collagen by Ramachandran and his Panay 
Most appropriately they named the auditorium “Triple Helix” to sii 
memorate the famous model for the collagen structure proposed b 
Ramachandran more than four decades earlier, The magnificent ond 
ture stands proudly in the Madras sunshine for all to see and remem- 
ber Ramachandran’s contribution to molecular biophysics. 

Ramachandran trained numerous graduate students who obtained 
their doctorate degrees under his able guidance. A complete list is pre- 
sented in the Appendix. In this achievement only his own mentor, Sir 
C. V. Raman, matches him. Many of these students have gone on to 
become leading scientists in the field of biophysics in different parts of 
the world and all of them owe their success to the training they 
received in Ramachandran’s laboratory. 

Ramachandran learned from C. V. Raman that “we have to find our 
own way rather than follow the literature.” This was not always very 
efficient because he spent too much time reinventing the wheel. Being 
a very intuitive person he often succeeded in deriving various results 
himself and became convinced that he had discovered something new. 
He had no patience to read the current scientific literature, especially 
during the later years in his career and often found out about advances 
inhis field by talking to other scientists. But he was intellectually hon- 
est and did not take any credit when it was not due him, As a student 
he spent several years with Raman, but surprisingly they did not we’ 
lish a single paper together. Raman must have concluded that the _ 
Presented in those papers was solely Ramachandran s and woh 
deserve joint authorship. Ramachandran did the same with some of his 


Own students. There are several instances when he told his students to 
hen they wanted 


University of Delaware in 
as anything he was sorry 


ab 

ni a He thought for a few minutes and 

sig °rry about anything, but he was sorry 
and did not fully use him. One of his greates 


Inst; A ith other 
Shtute of Science was that he had no interactions with o 
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and faculty members in other departments. Many new students at the 
MBU had heard that Ramachandran was a man of extreme moods 
very short tempered and not very congenial in social visits. Nothing 
could be further from the truth. When some students did cross the bar- 
rier and paid hima visit in his house, it was inevitably one of their most 
memorable experiences. He was very kind, he listened to them, he 
talked to each one of them about their research problems, made appro- 
priate comments and suggestions, and made them feel very important 
and very comfortable. More recently though, it is somewhat difficult to 
follow the conversations because of his speech difficulties; visiting stu- 
dents have left convinced that they were in the presence of a very great 
scholar, almost a saint. 

Ramachandran was a gifted speaker and a superb teacher. It was a 
pleasure listening to his lectures on any topic—the structure of colla- 
gen, special forms of Fourier analysis, protein structures, the philoso- 
phy of science, or whatever. He never took a lecture for granted, he 
prepared meticulously before every talk, deciding exactly what to pre- 
sent and how to do it. Very often the audience did not have to know 
anything about the subject matter that he was talking about; he had a 
remarkable ability to lead them through the subject in a methodical 
fashion. There were no ambiguities in his presentations. 

His unique ability to present highly complicated concepts in 
extremely simple words was such that even a high school student could 
easily grasp what he was saying. He explained the structure of proteins 
and the stereochemical conformations to John Kurian, who is current- 
ly a leading scientist in the field at the Rockefeller University in New 
York. This happened just after John had graduated from high school. 
It made such a lasting impression on him, that he decided to become a 
structural biochemist. 

Everyone seemed to agree that what Ramachandran needed was a 
public relations person, an image-maker. He did not seek or desire to 
manipulate any political power; he was one scientist who did not know 
any politicians. Mr. Shankar Dayal Sharma was the President of India 
when Ramachandran was in Bangalore. President Sharma was a grad- 
uate student in Cambridge in 1947 at the same time as Ramachandran 
and they shared the same residence hall. Ramachandran never made 
any attempt to meet Sharma, and never capitalized on their university 
connection to seek political influence with the President of India. In 
spite of all the gossip about Ramachandran and the Nobel Prize, he 
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ne never thought of getting the Nobel Prize i ; 
om doing work of Nobel caliber. i 

Both Rajam and Ramachandran believe in Hindu ideology, but they 
are a totally non-religious family and neither believes in performing 
any rituals normally associated with the Hindu religion. 
Ramachandran’s father was a Strictly religious person and performed a 
daily “Pooja,” a traditional ritual of worship performed by an ortho- 
dox Brahmin. Whenever Narayana Iyer had to be away from home 
attending various meetings, he usually delegated the responsibilities to 
his eldest son, Ramachandran, therefore became familiar with how to 
perform the ritualistic worship. Once Ramachandran left home and set 
up his own residence, he gave up all such practices. They did not per- 
form the so called sacred thread ceremony that is normally performed 
by Brahmins for their sons when they come of age, somewhat similar 
to the bar mitzvah among the Jewish community. Their parents per- 
suaded them to perform the thread ceremony for the sons as long as 
they were alive. It simply did not happen because both Rajam and 
Ramachandran did not believe in such practices. 

However, every year they did perform the “Ganesh Pooja” and the 
“Saraswathy Pooja.” The former is a worship of Ganesh, the elephant 
-faced God of Hindu mythology, who is believed to be responsible for 
removing all obstacles in various activities in life, such as moving into 
anew house or performing a marriage ceremony. The latter is a wor- 
ship of Saraswathy, the Goddess of learning. This is particularly fitting 
as Rajam described their house as a “house of learning.” 

Ramachandran is a connoisseur of Carnatic music, the classical 
music of South India. He enjoys listening to old masters as well as the 
budding stars. Being a physicist, he not only enjoys the melody of the 
music, but also appreciates the science of it. His mentor Raman had 
Published several classic papers on string and percussion instruments 
and Ramachandran no doubt absorbed some of that curiosity. 

There is one more gifted aspect of Ramachandran, not known to 
Many of his friends and colleagues. Ramachandran is a poet and has 

alter Kauzman, science, religion, philosophy, and the Upa wis afl 
haga are an honest and spontaneous expressi00 i eetiatal and 
a and make a fascinating reading. They are i 

Uced in an Appendix at the end of these chapters. 


ad . est; he is 
amachandran can never sit idly or let his brain take r 
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always thinking about some problem, trying to work out Solutions, 
it in crystallography, biophysics, philosophy, or music. In fact, this 
may have been a major problem in his life. He simply does not know 
how to relax. He spent a considerable amount of time attempting to 


prove Fermat’s last theorem, and tried to provide conclusive proofs for 


the so-called four-color theorem. 

He becomes excited and ecstatic while describing the results of his 
work or talking about science to others. This became very clear in one 
of my recent meetings with Ramachandran. I asked him a simple ques- 
tion: How would he like to be remembered by the readers of his biog- 
raphy? Instead of answering my question, he said that he had lots of 
other things to talk about and spoke of many unrelated things for the 
next fifteen minutes. He talked about the Klein-Gordon equation, 
Schrodinger’s equation, relativistic quantum mechanics, electron proton 
interaction, Boolean algebra, 7 mesons and up mesons, Bohr, de Broglie, 
Heisenberg, and on and on and on. I simply could not interrupt him. His 
thought processes were disconnected, incoherent, and unrelated. At one 
point he himself said; “I am thinking of too many things.” 

He went on to say how he had spent a considerable amount of his 
money in mailing papers that contained some of his ideas and results 
to people like Dirac, Feynman, and other famous nuclear physicists 
both in India and outside. None of them accepted or recommended the 
papers for publication. I suggested that part of the reason may have 
been that he was better known as a molecular biophysicist rather than 
a nuclear physicist and he responded by saying that even some of 
Schrodinger’s results were not accepted while he was alive. 
Continuing this discussion, he said: “My psychological condition was 
forced on me by some of my fellow scientists. I could not find any 
postdoctoral fellow to work on any of my ideas.” He got very exeite 
when he talked about his relations with other scientists. 

Finally, he answered the question that I asked him at the 
How did he want to be remembered by the readers of his biogt@P 
He said he wanted to be recognized as an intelligent perso 
froma family in the middle strata of society, a family wher 
and learning were of the highest importance. His two brothers “| 
2 emistry and engineering. All his children obtained doctorates: 

eir any doubt that this was a highly intellectual family? he said 


Rajam aptly described her husband in two simple words, § vied 


: ” 0 
that Ramachandran was always a “tormented in dividual: He w 
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rything. If anything did not go according to his view of the 
world, he worried about it. Some of his frequent complaints were that 
he was not getting a fair chance, his merits were not being appreciat- 
ed, and his work was not being recognized, neither by his colleagues 
in India, nor by scientists in other countries. He had to fight an uphill 
battle at all stages, whether it was publishing a paper, purchasing a 
computer, OF making administrative changes requiring a postgraduate 
diploma before a student starts doing research. 

Mrs. Ramachandran recalled a conversation she had with Professor 
Chandrasekhar, the Nobel astrophysicist from the University of 
Chicago. She had asked him why he did not return to India after the 
death of his uncle Sir C. V. Raman and take over the directorship of the 
Raman Research Institute. He apparently replied: “I have not accept- 
ed fully the American way of life, the Americans have not fully accept- 
ed me or my way of life. However, I felt that I would be a greater mis- 
fit in India than I would be in the United States. I feel that the direc- 
torship of the Raman Research Institute is not a right of the members 
of Raman’s family.” 

Mrs. Ramachandran felt that as an experimental scientist her hus- 
band was a greater misfit in India than Professor Chandrasekhar was 
and yet he courageously faced the situation and stayed on in India even 
when he had several opportunities to work at universities in the United 
States and Europe. Professor Harrington of the Johns Hopkins 
University wanted him to come to Baltimore; he got a job offer from 
the University of Florida in Tallahassee; and the Pasteur Institute in 
Paris wanted him to start a molecular biophysics department there. 
Ramachandran decided to stay on in India despite all the tribulations 


and disadvantages. 

Even in India, there were much greener pastures for Ramachandran 
but he did not take them. When Professor Sir K. S. Krishnan retired as 
the director of the prestigious National Physical Laboratory in New 
Delhi, Jawaharlal Nehru, then prime minister of India, wrote to Sir A. 
L. Mudaliar and asked him to convince Professor Ramachandran to 
take the job. Mudaliar, of course, left it to Ramachandran’s discretion, 
Who had a frank discussion with Sir K. S. Krishnan about working at 
= NPL. He became convinced that the director’s role was simply cae 

4 showpiece and that it would not be easy to conduct research In 


su ce 
: a politically charged appointment. 
amachandran stayed in Madras an 


about eve 


d later in Bangalore; that is 
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something notable that no Indian should ever underestimat 
simple disabilities are a big disadvantage a0 India. Certain} 
society has not fully grasped the implications and complic 
mental illness and psychiatric problems. At least that was t 
Ramachandran was coping with his mental problems. 

Undoubtedly, Ramachandran had his problems. He certainly haq 
difficulty relating to others. His ego did not permit him to easily 
accommodate lesser mortals than himself. He would not and could Not 
tolerate what he considered incompetence, inefficiency, or dissension, 
Right from the beginning, he had been told that he was brilliant, No 
doubt he was head and shoulders above many people who surrounded 
him; people told him so. The more he listened to such praise, the more 
he began to believe it and to feel that everyone should listen to him and 
agree with whatever he said. He could not easily tolerate criticism, 

Early on, as Vice Chancellor of the Madras University, Sir A. L, 
Mudaliar allowed Ramachandran to have his way; it satisfied his ego 
and it worked well for everyone concerned. When Sir Mudaliar left and 
Mr. Sundaravadivelu came to power, things began to change. 
Admittedly, there were disagreements on fundamental issues. 
However, their personal egos played an important role in 
Ramachandran’s decision to leave Madras and go to Bangalore. Some 
believe that same ego was the cause of his leaving Bangalore to go to 
Hyderabad. 

In any event, Ramachandran has immortalized himself in the field 
of molecular biophysics and protein conformations. Every new protein 
structure determination is accompanied by a calculation of the 
Ramachandran plot. Compliance with the original limits for phi and 
psi imposed by Ramachandran and Sasisekharan is still valid after 
nearly thirty-five years. Ramachandran is easily the best biophysicist 
to come out of India. We all should be proud of his achievements. 
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revious chapters were compl 

‘ oS oie » watetble wraweciy, st aN Ramachandran and his 
family si fe amachandran, the beloved 
Rajam to all who knew her well, suffered a massive heart att k 

passed away on 3 July 1998. The shock of the tragedy and th ack and 
uences of this terrible loss have not yet been completely heii nd 
Ramachandran or his family. Ramachandran and Rajam had es : 
ried for nearly fifty-three years and they depended on each other. : r- 
Ramachandran, Rajam was an inseparable companion. ha 

In 1997, they had closed their residence in Bangalore and moved to 
d, in the state of Gujarat in North India, to be near their son 
s family. It must have been an agonizing decision for both 
hey had spent all their life in South India, mainly in 
Madras and Bangalore. They liked the moderate climate of Bangalore, 
and became used to the cultural and intellectual environment there. By 
Bangalore standards, they had a reasonably large and comfortable 
house that provided ample accommodation for themselves and their 
children whenever they visited. ' 

By the time I interviewed him for the book, the Parkinson’s disease 
had almost completely paralyzed Ramachandran. He required the help 
of a walker to get around and rarely went anywhere outside his house. 
Physically disabled persons have a very hard time getting around in India 
and Ramachandran was no exception. There is no convenient mode of 
transportation for someone in a wheelchair and adequate facilities are 
not available in buildings. He needed assistance to walk in his own house 


and perform his routine activities. Rajam’s presence was absolutely 
indispensable; she performed all the routine household chores. 
angalore. Because his 


_ Ramachandran had hired secretarial help in B 
disability had not stopped him from thinking and writing, he would 
dictate his letters and notes to his secretary, who would type them for 
further action. I had the unique opportunity of spending several ee 
every week talking to both of them. In the last few months, thoug ; 
amachandran’s speech was slightly slurred and very often ee 
ete reinterpret them for me. She would also help him to or Nol 
ieee and events in their life. It was an s 
ines erudite comments and answers to ™Y 
a ensely helpful in compiling the informa 
Machandran’s story. 


since the 
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Rajam suffered from high blood pressure - was ns worried that 
if something were to happen to her in Bangalore there would be no 
close relative who could care for Ramachandran. Their oldest son, 
Ramesh, and his wife were in Boston, their daughter, Vijaya, was in 
Austin. Only their youngest son, Hari, remained in India. He was a 
senior research scientist at the Plasma Research Institute in 
Ahmedabad in North India and so the Ramachandrans decided to move 
there in 1997. They stayed with their son and his family until they 
bought their own apartment. The climate in Ahmedabad is brutally hot 
most of the year and the language spoken in that region is Gujarathi, 
very different from the Tamil that the Ramachandran family spoke at 
home. There were no close friends or scientific colleagues in 
Ahmedabad. But clearly the compensation was their proximity to their 
son and his family. In particular they enjoyed playing with their only 
grandson, who was a very happy, playful, smart three-year-old. They 
derived hours of delight being with him. 

Rajam was an absolutely delightful woman—always smiling, 
jovial, courageous, and extremely knowledgeable for someone who 
did not enjoy the benefits of sophisticated college education. She 
accompanied Ramachandran on most of his trips outside India. She 
was an integral part of all the trials and tribulations in Ramachandran’s 
life. She took good care of him during his unpredictable psychiatric 
problems, and she kept their family together, preserving their confi- 
dence and morale, especially at the time of the children’s formal edu- 
cation. Ramachandran, of course, was totally dependent on her, partic- 
ularly after the onset of his Parkinson’s disease. Toward the end, she 
was also his secretary, writing his letters and other correspondence. 
Only time will cure the tremendous loss of such a dear person. 
ee =i was sudden, and has taken their family and friends . 
ide : : ‘ women consider themselves fortunate if they die ee 
4 mst s are still alive; the perennial red circle of kunkum thal 
Shan re enantcnettornaiayarinoF Ife wa her husban 

passed away with that symbol untarnished. 
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J: 


Dedication 
To my revered Guru 
Professor Linus Pauling 


Linus Pauling 

Is a name to conjure with, 
In chemical bonding 

And whatever forthwith 
Follows for all matter, 

Both inanimate and alive 
Their nature and character 

And how they will behave. 


His great alpha helix, 
That opened the path 
For the solution of structures 
of all biopolymers, 
Is a star that will adorn 
The firmament of Science, 
For it has revealed to biologists 
Completely new ways. 


As a submission to this master, 
I have today 
Prepared a short paper 
Following his way 
Which shows that his conjecture 
On Vitamin C 
Is surely a true picture 
Of what is expected to be. 
Unchangeable Space and Time in Relativity Theory 
Dedicated to Professor Panofsky 


mathematical physics, 


Theoretical Physics, O’ 
ha fix? 


Why should you put me in suc 
The ideas are so simple; 


- 
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hat a big jumble 


But W ; 
uu make of those sim 


Do yo 


ple z,y,t and x? 


They are there for all to see and handle, 
How can they change from example to example? 
It is true they can transform 


From platform to platform; : 
Only because you refix the clocks in each example. 


rmation is the basis of physics; 


Lorentz transfo f 
ing mysterious about it for lyrics. 


; But there is noth 
f That the velocity of light 
Is independent of flight 


Is a fact of observation, and not of mathematics. 


val ‘s in a theory, 


The invariance of the inter 
vectors a fortiori, 


And the covariance of four- 
Are but simple formulae, 
Though powerful their sway, 

To make the check of theory in physics so easy. 


By all means, use mathematical equations high flown, 
To reveal relations that, otherwise, are not so well known, 
But remember they are encased 
i And, on solid physics, based, 
And formulae are but fuel for the rocket to the unknown. 


3. Molecular Architecture of DNA 


DNA has a crucial function 

In genetics and metabolic action 

Watson and Crick 

Said it is a twisted stick, 

Having throughout right-handed torsion. 


Biologists have puzzled faces 


How can it 
i go through th 
Without offending 


Basic 
grammar of topological cases ? 


Poems 
Ram and Sasi said DNA might by GNR_ 155 
An alternating helix be, half left, half right 
The chains fall apart ‘ 
AS H-bonds do part, 
And there is no trouble of tangling fright. 


What is the theory of the alternations? 
Ramesh said they come from confabulations 
Of opposing forces, 

Which have resources 

To produce reversible of twisting rotations. 


* Are the two strands of cellular DNA 
Twisted around, or only side by side? 
We must await : 


Some more results 
From X-ray, ORD and other measurements. 


(* This last verse does not rhyme, since 
What it says is not final). 


Polynucleotide Dihedral Angle Notation 


Alpha, beta, gamma, delta 

Epsilon, and then up to zeta; 

Torsion angles, the main chain contains, 
Ribose, or not, whichever obtains. 


The first two are ‘bout bonds at P, 

Others then from five to three-prime P, 
Across the sugar, with bond four-three C 
In backbone path. Angles ring, below see. 


With pentose ring twists, employ nu’s 
For that against O, number zero use, 
Going to nu-four of the angle fifth 
For each index, find atom against ith. 


Sugar-base torsion, chi it is called. 
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When O to CH cis zero is it equaled; 
Named anti, for ninety plus minus this- 
Syn der name when near one eighty it is. 


In extras that occur, bound to sugar or base, 
Use peptide rules, made to suit each case, 
With angles others, use anything you like 

As symbols or numbers, for convenience’ sake, 


5. Essence of Genetic Algebra 
New Sutra: AB=A+B 
Example: (AB)? = (A+B)? =AA +2AB+BB 
Commentary: 


Mendel’s AA is A alone, 
That will give us one-two-one, 
Ev’rything else comes from this one. 


Ram amended Mendel’s way: 

AA is A plus A, 

And AB is A plus B, 

Mix them up as you like (it) to be. 


The new sutra is an algorithm; 

It can fit into computer rhythm, 

It shows how to prevent diseases, 
That do arise from genetic causes. 


6. Enzyme and Energy 
Enzyme, enzyme, what are you? 
Living catalyst, in my view. 
If you do not exist now, 


How will there be life anew? 


Chemical changes can take place 
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Because of you, at decent pace, 
Leading to life’s subsistence, 
At heat levels in existence. 


Molecular biologists 

Require help from biochemists, 
So that they may imitate 

Life’s mystery on the plate. 


Cellulose from sunlight is, 

In plants, formed by synthesis, 
If we turn the process back, 
Energy surely we can pack. 


The Expert and The Common Man 
Dedicated to my revered friend Professor Walter Kauzmann* 


To be an expert is the hope 

of any who is a scholar’s isotope; 
The common man is without hope 

In this arena, full of high-flown dope. 


The expert with authority, sure asserts 
That what he says is always certs, 
Who are you to question my words, 
When you do not know all the charts? 


But this expert, alas, surely ignores 
anything not connected with his mores. 
What does it matter if A or B is close? 
He cares only for X,Y,Z, - his homes. 


The common man-he everything sees; _ 
although, about nothing, the limit perceives, 
He would like to pass through his sieves 
The organic whole, not dissected pieces. 


Of course we always need the expert 
To organize, and process, the required effort 
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To illuminate Nature’s darkest part; 

But let him not shroud the whole import, 

Of the philosopher’s view of the complete court 
By demands undue of his deep, but little, part. 


The human mind quite often does find 

The expert’s dishes, though of the choicest blend, 
Tasteless, if not mixed, with the kind 

Of broad-based vision that the seers can find. 


So, if you find the results of your effort 

Lead to knowledge that gives you comfort, 
But dead against what says the expert, 

Wait; more thought will soon produce rapport. 


Let the experts address the common man, 
And make clear at once their whole domain; 
Then they who disagreed will all exclaim 
“We have no disputes,” with full acclaim. 


I love those experts, 

Who give their purports, 
Without props and supports, 
In brief words, sharp shots. 
They give all comforts 

For one to go forwards 

In deep search for truths 
That gladden all hearts. 


* “Tam skeptical of everything until I can derive it myself” 
Kauzmann in personal conversations with the author. 


8. Cancer and its Cure 


DNA chains are the essence of life; 

They must double when the juice is rife. 
How this starts, and when they will do part 
Are two problems that are miles apart. 


Poems by GNR 
The mechanism of chain separation 
Is partly based on base continuation; 
Also rests on super helix formation, 
Which gives a means for its initiation. 


I do know this is of importance — 

The concentration of the right components, 
That loosen the base pairs and make additions 
Have to be right to start duplications. 


If juices lie low, cells don’t divide; 
By feedback regulation, these are rightly made. 


Make these wrong, and you have proliferation, 
And unregulated growth, in great profusion. 


If we can find out what leads to constancy, 
We can, safe and sure, control malignancy. 


Superhelical Twisting and 
Replication of DNA 


The Problem: _ Is super-heli-cal- twisting, 
Extra over the net twisting? 
Or; is it all the twisting 
That is, over no net twisting? 


Of the two specifications, 
Which can suit the functions, 
Of D-N-A replication, 

And also of recombination? 


We get facts of pure genetics 

As a result of chemical physics, 
Via a mixture of Biochemistry 
And a dash of physical chemistry 


The Solution: But what really is the fix 


Is that aspects of mathematics, 
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as topology and chain geometry, 


Such 
les of symmetry. 


Upset the safe mu 


On whom will you rely more, 
Mathematician, or physicist of yore? 
Mix up energy minimum with topology 
Can you explain all of biology? 


Come, come, don’t you despair! 

If you find theories don’t compare, — 
There must come soon a meeting point 
Of both point and counterpoint. 


September 16, 1978 


How to Give a Good Lecture 


Plan your lecture in content and sequence, 

You need not bother about the style of each sentence. 
If your ideas are always precise, sheer, 

Would your language not be sharp and clear? 


How to Solve a Problem 


If a problem is clearly formulated, 

Would it in no time, not be decimated? 
The real job is the full description; 

Then experts can always find the solution. 


Knowledge and Wisdom 


What is Science, 

If not knowledge, 
Pure and simple, 

Of things around us? 


Kasthvam, Koaham? 
Kuta aavaatah? 
Kaa me janani? 
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° 16 
Koa me taatah?* " 


Who are you? Who am 1? 
Whither come ? Who is 
Your mother, your father 
-from Sankaracharya’s 
“Bhaja Govindam” 


What is this ? 
Whence come it ? 
Who produced it ? 
Who controls it ? 


How can we know 
All about it 

If we not enquire 
How we know it ? 


Can we know 

All of Nature? 

Run it of itself ? 

Or can we amend it ? 


Wonders never end. 
We only nibble it, 
The fruit of knowledge, 


Know it and be wise. 
November |, 1978 


Exponentiation of Knowledge 


Two into two will make it four, 

Put into it twos four more; 

This expands it into sixty four. 

If you put still twos four more 

Grows it huge to ten twenty four, 
Exponential it swells with bits ever more. 


Knowledge is like this, as one can tell; 
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One more factor makes it twice to swell; 
Ten new data need thousands to quell, 
And coordinate well, not leave pell mell. 
Hell is as well for a scholar to dwell, 

If heavenly bell only rings bits at will. 


A hundred years ago, one could hope 

To claim acquaintance with all the dope, 
That was there in the Library of the Pope; 
But it is a labor today, to climb the rope, 
Herculean, indeed, even if it is the hope 
To reach the top of a single field aprop. 


Specialists galore 

Now come up ever more; 
They climb ashore, 

Tiny islands to explore. 
Their rich pastures 

Are indeed pleasures, 

To fill the measures 

Of mind’s great treasures. 


But, there exists the need, 
For other men indeed, 
Who can clarify this feed 
Into a sparkling bead. 
Many beads as these 
Make garlands that please; 
Makes knowledge at ease, 
And minds rest at peace. 


January 3, 1979 


Measurements of Science - The essence of all Science 


Number, number, number; 


All is expressed as number — 


Be it the weight of timber, 


Or hours of soft sweet slumber. 


— 
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studies of problems in research 

Are made of relations we search 
Between numbers that form the torch 
That light the ideas we preach. 


Mathematical formulae in symbols 
Delicately poised as in gimbals 

Are great. But as in thunder it rumbles 
If converted to numbers, in examples. 


Take one imaginary conjecture; 
Deduce from it a new picture — 
That forms a standard lecture 
Of many a theoretical structure. 


Such theorists never seem to care 

If premises with number do compare, 
Of the subject, which they prepare 
For an intellectual feastly fare. 


Equations and formulae sure abound 

In their pulsating theoretical fund. 

Beauty of their structure is their main hunt; 
Numbers to them are but lowly bound. 


Of course, I must surely admit 

Not all theorists behave thus; to wit 
Applied mathematicians try their bit 
By formulations, their real target to hit. 


But I do not understand physicists 
Expanding on little like lyricists; 

Not predicting, as required of analysts, 
But going round, as in acrobat’s twists. 


If they try to computerize 

Every equation which they th 
Great enlightenment will be t 
Clarity and acceptance, of im 


eorize, 
he prize— 
mense size. 


™~ 
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Instead of forming a mutual admiration society, 

If mathematical physicists would only seek sobri ety 
of the bench scientists, and talk to them, not in Pity, 
But in equality- would we not have a unique Moiety? * 


The error that is common with all such theorists, 

Be they of race physicists, or even pure mathematicists, 

Is that they delight in cyclic and thought gymnastics, 
Never caring for ground numbers, which form the acrostics, 


I say all theorists should learn to make calculations 

On an abacus, or slide rule, or via manipulations 

Made on electronic digital computers. Then, predictions 
Would make sense, and science rise to greater elevations, 


* “Tn my view, such more complicated systems and their combinations 
should be considered only if there exist physical. 


-empirical reasons to 
do so.” 7 
-Albert Einstein in “The meaning of Relativity “ 


Sixth edition, 1956, page 156. 
15. MANAS* And MAATRAA+ 


(* = Mind, += Material world, matter) 
Logic, logic, logic 
Nothing strange, like magic; 
Think straight and deduce 
Then are ever true, your views. 


The rules that logic follows, 
Always there for all fellows; 
No need to state in symbols; 
Valid ever, if pure mind gambols. 


What if theorists hard assert 

That logic is like a desert, 

That many paths just peter away 
And no structure has ever full sway. 


r- 


16. 
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Theories in physics only connect 

A set of data with another fact. 

If life must ever have impact, 

Such connections are sure compact. 


Science is based on observation 

And also logical deduction. 

Assume God-given senses and the mind 
Are enough, for all its laws, to find. 


This means that we can never accept 
Completely, theories that have any defect 
Working hypotheses, surely they are; 
But Laws of Nature, they never are. 


more and more 
lying ashore, 

h, like Hanuman, 
human. 


Man learns, anon, ever 
Of beauties of Nature, 


Jump the ocean if you wis 
But never falter from commonsense, 


October 22, 1978 


Knowledge has no end 


In the end, there is an end; 


This is true of the wonderland 
Of every branch that is dependent 
a pendant 


On all others, to make 
Of wisdom, that is res} 
With beauty; yet tu 
With the kavi’s* sight 0! 
Anadyantax is the picture 

That comes up in every lecture 
On reality, Truth and Nature. 

One can but conceive the feature 
In general terms, not in miniature; 
Deeper you go, farther the pasture; 
Meditate; and it shape your culture. 
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Art, Science, Logic, Philosophy, 

All are, of Nature, only a copy. 

If both in and out, you are happy, 

Dream on, treat it as your baby, 
Pleasantly dance; caper like a puppy, 
With sure thoughts that need not be apty, 
But close to reality, and never crafty. 


As said before, it will never finish; 

“Art is long”, whatever your wish; 
“Time is fleeting”, true but your cash 
Pass on to others, you can, for fresh 
Outlooks and approaches. If the fish 
They catch is as simple and fresh, 

We can have, indeed, a wholesome dish. 


* Kavi = poet 
+ Anant = without anta, or end, unbounded. 


x Anadyanta= Without a beginning or an end; 
picture of Atman, or Ultimate Reality in Hindu Philosophy. 


November 1, 1978 


Anoaranooyan Mahato Maheeyaan 
(Smaller than the smallest, larger than the largest.) 


Paradox of the Paramaathman 


Is all this there by chance ? 

Or by sheer necessity ? 

Is there a guiding force ? 

Or does it evolve by itself ? 

The answer is simple, but strange - 
“All these, at the same time.” 


The guiding force 
is itself the guided. 


It runs everything — 

But is, itself, all of it. 

HE is omnipresent; 

Omniscient, omnipotent. 

Nature’s Law is God’s hand; 

No! Nature is the Universal Truth. 


That is the paradox. 

He is nowhere to be found; 

Yet He is everywhere. 

Seek, and ye shall find! 

Seek where ? Inside, outside ? 
Yes, He is both within and without. 


Can IT be both cause and effect ? 
Isn’t one before the other ? 

You can’t ask such questions. 

In that place, all is same — 
Before, after, behind, in front, 
Up, down, all merged in one. 


Undifferentiated, 
Infinitely varied, 

Particle and wave, 
Matter and light, 

Energy and essence, 
Space and time, 

White and black, 

All one, all equal, 

If you can but perceive it. 


Eyes cannot reach there, 
Nor ears, nor any senses, 
Not even reason, not mind. 
Only true devotion, 
Unmixed meditation, 
Merging with all 

Yet away from all, 
Seeking the unknown 
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Not here and there, 
But all within you, 
Antaratman is Paramatman 


November | , 1978 


(GNR had separately marked this poem, I asked why, he answered: [f’ 
my best) 


18. 


Lamp of Criticism - Light of Progress 
(Accept naught, if it fit not your thought) 


To take a set of ideas, which are all in a tangle, 
Separate them apart one by one, all single, 
And put them right together, not in a jumble; 
But to make a story, all from one angle; 

Is surely a tall order, not easy to wangle, 
Except for one sure of his way in the jungle. 


If the postulates are valid, and clear the conceptions, 
It is easy to make a number of deductions, 

Without the need arising to make any corrections. 
But, let some of the steps contain misconceptions; 
Now hard it is to find the few exceptions, 

And set right the faults, and avoid deceptions. 


Theories there are, full of power at this moment; 

But few that can stand the onslaught of new comment, 
For they form only part of the train, a compartment, 
And often consider the rest to be of no moment. 

If you want the full train to. move on without torment, 
Grease all the wheels, and turn on, in full, the current 
Of sobriety and tolerance; no matter how innocent 
The critic is of debate; on truth leap the firmament. 


You are ever the scientist 
From birth, a true scientist. 
If you ever can list 
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Things around you, and test 
What is not, and is, best, 
For life and all to exist, 
How can you far subsist ? 
So be brave and contest, 
Take part in the inquest 
Of past thoughts; to conquest 
On ahead, ride abreast 
New tides that hit the coast. 


November 1, 1978 


How to be a good scientist 
(Dedicated to my friend V. Jagannathan) 


Art, or science, is all the same; 

Heart sincere is its real seed, 

Bubbling thoughts, made calm and tame, 
Form sculptured shapes, to fill its need, 


If you wish to explore anew 
Always avoid the beaten path, 
Swinging ahead on avenues new, 
Apply with zeal, brain, brawn, both. 


However established a theory may be, 

It has its limits, as many can tell. 
Seeking its help is but all too easy; 

But it need not have tones for every call 


Dissect your problem and take it to pieces; 
Assemble it again with different connections. 

A lane that was crooked, of a hundred paces, 
Behold! is a short broad street, with no disjunctions. 


subjects, 


To make a good portrait, true, of all 
angle. 


Never is it enough to look from one ¢ 
Go around it, absorb all its aspec!ss 


( 
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The picture you draw will sure make one tingle. 


November 1, 197g 


20. Logic and Reason 


The rules of logic are neat and brief — 
Use “and” and “or” and “not” and “if” 
All arguments require only these. 
Qualified, they need ‘all’ or ‘some’ apiece, 
) And whenever needed, ‘none’ at all. 
They help make discourses, at beck and call. 


Implication is needed most of all; 

‘Tf A, then B’ vital step for all 
Arguments employed in real life, 

Or for proofs in maths, written in brief. 
It only works when fact A is true, 

To lead to result that B is true. 


Block diagrams, we know, make it clear 

What steps are needed, from far and near; 

A flow-chart is always the prerequisite 

For a full scale program to be exquisite. 

If thought flow is marked, as for traffic, 

With symbols clear, resound it will with logic. 


Logic is the basis of knowledge all; 

Of science, of religion, of art and all. 

If scientific knowledge, developed and wise, 
Is employed to explore, and open, price, 

The esoteric secrets of logical thought, 
Reassured it makes Jnana, Vijnana, and aught. 


‘God is reason’, say the vedas of old. 

If man can but think out, brave and bold, 
And attack the unknown, using the known, 
In no time at all, Vidya new will he own; 
Unlimited his success, whatever the issue, 


qi. 
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qruth the goal, he fails not to pursue. 


Expansion of Knowledge 

That all that glitters is not gold 

Js as true of science, as of trinkets sold; 
Only intensive search will make unfold 
Knowledge supreme, lit by lamps of old. 


Two ways, there are, of expanding the known - 
Proceed along pathways already known, 

Or make a leap into the seas unknown 

And distill from it with methods yet to be known. 


The first is easy, although rather arduous; 

The results are assured, and of value, copious; 
But its success, to reveal, is rather dubious, 
New avenues, that clearly, are not obvious. 


‘Asa tho maa sadgamaya’ is the saying bright, 

Of the second way - “‘ Lead me from darkness to light.” 
If followed right, it leads me to the mightiest height. 
Needs it, however, the employment of great insight. 


By whichever way you descend into a valley near, 
There is no path other than to the bottom, dear; 
But, ascend the mountains, go away from here; 
The rivers there take you to the vast ocean clear. 


Knowing too much of accumulated knowledge 
Can be a hindrance, not an adi, for the bridge 

Which you are building right across the gorge. 
A fresh mind is what makes new ideas emerge. 


If you feel something is not quite all right, 
Do not read learned treatises up till night; 
Rapidly scan through popular articles, bright; 
Absorb, ponder, meditate, and get new light. 


F 
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22. 


23. 


Be a good boy, or a girl, as you may be; 

Think of science as a game, or puzzle, may be. 
Whether you fail, or succeed, as it may be,- 
No matter- enjoy the hunt for what it may be. 


Science and Society 
Science for the Nation 


I say, our scientists, their passion 
For discovery and new creation, 
Should blend, with the real devotion, 
To the vast needs of the Nation. 


Scientific ideas, pure and simple, 
Laws of nature, for example, 

Are enough for some, pure, humble; 
But they alone are not ample. 


Many are needed to undertake 
Studies practical, and partake 

In Nation - building, and to make 
Food, Home, Drugs, Dam and Lake. 


They would then have achieved 
Satisfaction never perceived; 
Since real truth is conceived 
Only in Karma truly achieved. 


March 1, 1979 
To Our Scholars* 
In the spirit of the don, 
Work must go on and on, 
Teach what you know in fun, 


To all, as you will your son. 


You can never abandon 


24. 
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This duty, as a burden; 
Your devotion, to our nation, 
Donate, in renunciation. 


November 1, 1978 


*We teachers and researchers will gain 
respect only if we keep the practice of our 
profession far above and apart from the 


mundane part of our lives. 
Tame the Mechanical Demon 


Who first made the machine go ? 


Of course man, a long time ago, 
With the potter’s wheel, bow and arrow, 


That set the age of invention glow. 


Ever since, has man attempted 

To tame Nature’s Laws as he wanted; 
Make sure help whenever needed 

To construct things, as the pyramid. 


For centuries and millennia, 

The fire of invention blazed on; 
Gadgets and devices grew anon, 
Today we have a million and one. 


As writers and philosophers foresaw, 
The common man who looks with awe, 
At devices that cut, cook, and sew, 

And also run, fly, plough and mow. 


latest one that has arrived 
Can ae von Neumann devised; 
The - things, that before required 

of brains and power of mind. 


Itc 
an solve problems, run machines, 
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Fly a plane, or play with games. 
Is it a monster that will replace 
Man, as the ruler of earthly space? 


On throwing a switch, it can release 

A guided missile that flies through space 
And control, direct it on space —- 

A demon created, for man to face. 


Computers will fight wars in future; 
Relentless they are in nature; 

From sealed instructions, they never waver; 
Nor think of right and wrong, for ever. 


Can we control this Frankenstein, 
Tame it to be a friendly slave? 

Of course we can, if we ourselves 
Promise to use it only for good. 


Good, or bad, is but man’s choice. 
Why can’t we all shout with one voice, 
That these devices coming one a day, 
Will only be used in a friendly way? 


What wonderful things can it not give? 
Tingling music, art, designs and all 

That delight children, and grandpas alike; 
Also creators, in their flights of fancy. 


Let us then be up and doing, 

Choose the way of all well - being, 
Only make machines, that clear the way 
For a life chock full of fraternity. 


September 5, 1979 
Kena Upanishad 


Greek Alphabet for Logic 


Alpha, beta, gamma, delta, 


Yr 
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Epsilon, and zeta, 
Years gone unaccepted for 
Nucleic acid data 
But J find them good matter 
To fill in the quota — 
For symbolic logic in computer 
And automata. 


Alpha and beta form twins 
For all terms in logic; 
One, zero; zero, one; stand for 
Yes, no, made cryptic. 
One, one; and nil, nil; are the parts 
New, of the fabric 
That makes up the code, in maths, 
Of thoughts serene and comic. 


Connectives join terms to make up 
All types of senses; 
One for if, then and two for 
Likeness and differences; 
Four more for use with “or”, and “and”, 
“With”, “upon” nuances; 
These form the basic stock for 
Logic of sentences. 


These suffice for saying yes Or no, 
Or I don’t know; 

Or when parts of an argument disagree, 
To stop its onward flow, 

But if you need discuss the rules re 
Thoughts of long ago, 

Like “There is no smoke without fire”. 
Further on you must go. 


Reasoning like these, with “there exists” 
“For all”, and “for none”; 

Want you to say when such a sent 
Or truth is gone; 


ence is true, 
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You need the lamps of zeta, gamma, 
Delta, epsilon, 

To demonstrate to others, ideas 
Known to you alone. 


All knowledge needs precision; words 
And sentences must shine; 

They cannot do so unless there is 
Logic, clear and serene; 

Commonsense, some say, iS enough to 
Check what thinkers opine; 

But the purity of algebra is what will 
Make thoughts refine. 


| — 
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ApPENDIX 1 


summary of Ramachandran’s career 
mudram Narayana Ramachandran 


October 8, 1922 
e: Rajalakshmi (deceased June 3, 1998) 


Gopalasat 
Date of Birth: 
Spouse's Nam 


Father: G-R. Narayana lyer 
Mother: Lakshmi Ammal 


Children: 
Dr, Ramesh Narayan, 


Prof. of Astrophysics, 
Harvard University 


Dr. Harishankar Ramachandran, 
Senior Scientific Officer, 
Institute of Plasma Research, 
Gandhinagar, Gujarat 


Dr. Vijaya Ramachandran, 
Professor of Computer Science, 
University of Texas, 

Austin, Texas 


Education: 


h’s College, Trichy 


1939 - 
9-42 B.Sc(Hons) Physics, St. Josep 
f Science Bangalore (Under 


1942 - 
Dr : 44 M.Sc. Physics, Indian Inst o 
1044 C.V. Raman) 

- 47 D.Sc. Physics, Indian Inst © 


ioe oN Raman) 
-49 Ph.D. Crystallography, Cavendish Laboratory, 


of Ca . 
mbridge, England (Under Prof. Lawrence Bragg) 


f Science Bangalore (Under 


University 


Dg 
(Honorary) Roorkee (1978) IIT (Madras) (1985) 


Hyderabad (1989); Banares ( 
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Professional Occupations: 


1984 - 1989 INSA Albert Einstein Professor, Mathematical Philosophy 
Group, Indian Institute of Science, Bangalore 

1981 - 1984 CSIR Distinguished Scientist, (Available in any Part of 
India) 

1978 - 1981 Institute Professor, Mathematical Philosophy, Indian 
Institute of Science, Bangalore 

1971 - 1978 Professor & Head, Molecular Biophysics Unit, Indian 
Institute of Science, Bangalore 

1967 - 1978 Part-time Professor of Biophysics, University of Chicago, 
Chicago : . 

1969 - 1971 Jawaharlal Nehru Fellowship, University of Madras, 
Madras, India. 

1962 - 1970 Director, Center for Advanced Study in Biophysics & 
Crystallography, University of Madras 

1952 - 1970 Professor & Head of Dept. of Physics, University of 
Madras, Madras. 


Membership in Professional Organizations: 


Fellow of the Indian Academy of Sciences (FA Sc.) 

Fellow of the Indian National Science Academy (F.N.A.) 

Fellow of the Royal Society of Arts, London (F.R.S.A.) 

Fellow of the Royal Society, London (E.R.S.) (1977) 

Founder Member, Indian Academy of Yoga 

Founder member of the Third World Academy of Sciences 

Hon. Member, American Society of Biochemistry & Molecular 
Biology 

Hon. Foreign Member, American Academy of Arts & Sciences, Boston 
Hon. Fellow of the National Academy of Sciences of India, Allahabad 
Hon. Fellow of the Indian Institute of Science, Bangalore 


Memberships in Community Organizations: 


Member, Board of Scientific & Industrial Research, Govt. of India, 


(1962-65) ‘ 
Chairman, and/or Member, National Committee for Biophysics» 
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(1967-1970) ional Committee for C 
jrman Nationa ve et Crystallography (1963. 
cbt Council of International Union of Pure eaten 
(1960-1972) i aes 
Commission on acromolecular Bj : 
Member, T Biophysics of 
969-1974) of TUPAB 


mber, Various Sub-commissions of the ne 
neal Nomenclature of the IUPAC-IUB ion ai 
Editor Current Science, Bangalore (1951-57) 
Member, Editorial Advisory Board, Journal of Molecul 
Cambridge (1959-66) (From Inception) 
Member, Editorial Board, Biochimica et Biophysica Acta, Amsterdam 
(1965-72) 
Member, Editorial Board, International Journal of Peptide and Protein 
research, Copenhagen (1969-79) (From inception) 
Member, Editorial Board, Biopolymers (1973-83) (From inception) 
Member, Editorial Advisory Board, Journal of Biomolecular Structure 
and Dynamics (1983- ) (From Inception) 
Member, Editorial Advisory Board, Connective Tissue Research 
(1972-) (From inception of new name) 
Member, Editorial Board, Indian J. Biochemistry and Biophysics and 
several other Indian Journals . 
Prof. Ramachandran has worked in a number of fields in Physics, 
Chemistry and Biology and has contributed more than 250 publica- 
tions and several reviews in well known international journals. His 
main achievements are the following: 


ar Biology, 


| Barly Studies:(1942 - 1952) 

: - : : k on 
Among the studies in this early period, may be mentioned pe lie 
why ‘opograph of diamond which gives a picture showing 


I. 
ton . Jate of the crysta 
Pp Perfection over the surface oS te application of x-ray 


iblications in 1944-46 were probably the earliest ¢ tals in a pho- 
ts hg to delineate the variations of perfection ae appears to 
ioe ic manner, The name topograph for such pictur ae 

"* been coined and adopted for the first time these pap . 
ate the optt- 


Durj Icul 
Ng th; ; to calcula’ ? 
Cal ha Period, he was also probably as aoe and sodium chlo 


'0n of a crystal from theory, namely of 
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from their crystal structure. In his post doctoral work in 
tate iia he was associated with Dr. Wooster in working out tech. 
Cam or the measurement of diffuse reflections of x-rays and utiliz. 
niques ing elastic constants of crystals. These studies 


i se for ri 

ng these for measu lastic 

om also probably the earliest in which the Geiger Counter was useq 
als 

to measure intensities of x-ray beam of such low power. 


2. X-ray Crystallography: 


After returning to Bangalore in 1949, he devoted his attention mainly 
to crystal structure analysis (both theory and practice). He carried over 
these interests to Madras when he joined as Professor and the main 
topics of investigation are as follows: 

a) Studies on crystal perfection and its variation by using polarized X- 
rays, along with the development of the dynamical theory, with special 
reference to x-ray antireflection (Renninger effect); 

b) Measurement of Bijvoet inequality and utilizing this for solving the 
‘phase problem’ in crystallography, a technique widely employed now- 
a-days; 

c) Developing new techniques for obtaining the coordinates of the 
remaining atoms in a crystal structure for which partial information is 
available. Of the three syntheses (alpha, beta and gamma) that were 
developed the alpha synthesis is equivalent to the technique employed 
for image reconstruction in holography. 


3. In 1954, he published along with his colleague Dr. Gopinath Kartha 
the triple helical structure pattern in the protein collagen, which forms 
more than 50% of the proteins in the human body (Nature, 174, 269 
(1954). This was immediately accepted and has been applied in bio- 
chemical studies and later in biology and medicine. Dr. Ramachandran 
is the Editor of two volumes on Collagen, contributed by International 
scientists - “Chemistry of Collagen, Vol I,” Academic Press (1967) and 

Biochemistry of Collagen”, Plenum Press, New York (1976) (AH. 


Reddy) and has contribu 
ted the ? ture 0 
Collagen in both. chapter on the Molecular struc 


4. Hi er _ 
and mini acquaintance with biochemical molecules such as proteins 
Plides related to collagen led him to seek a simple technique for 
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olecules in biosystems. This led to 
these ™ paper entitled “Stereochemistry of Pol 
ieee at in the Journal of Molecular Biology, 7, 95 (1963) 
nar Sasisekharan and C. Ramakrishnan), The 8raphical construc- 
 adial there is now known in literature as The ‘Ramachandran Plot’ 
ie it has facilitated the theoretical investigations Of stabilities of 
biopolymers and interactions between different molecules in the living 
i Ramachandran’s groups in Madras and Bangalore have con- 
tributed much to the extension of these studies through various proteins 
to nucleic acids and polysaccharides, 


ypeptide Chain 


5. His experience with x-ray crystallo 
in IISc in Bangalore under Prof. 
Laboratory, Cambridge, under Prof, La 
mate acquaintance with Fourier trans 
diffraction theory. In 1971, he appli 
theory of Image Reconstruction from shadowgraphs (such as X- 
Radiograms) using the Convolution Technique. This was published in 
Proc. Roy. Acad. Sci. USA 68, 2236 (1971) (with A.V. 
Lakshminarayanan) This was the beginning of the studies made in var- 
ious laboratories on various tomographic methods using x-rays, NMR 
imaging, ultrasonic image reconstruction and is particularly adopted 
for CATSCAN equipment which has contributed greatly to the devel- 
opment of medical diagnosis and surgery. 


graphy in his early studies made 
C.V. Raman and Cavendish 
wrence Bragg had led to an inti- 
forms and their applications to 
ed these methods for giving the 


6. Since 1978, he has 
athematical Philoso 
Igebra Vector Matri 

Cal Telations, which c 


turned his attention to Fundamental Theory and 
phy. It led to:the development of a new Boolean 
x Formation for computer manipulation of logi- 
3 an be applied for the computer implementation of 
logical argument. The essential principles of these were ‘igre 
aoa Science, Bangalore - 51, 625 (1982), 52, 292, 335, & on 
P + 55, 12,67 (1986). A number of research papers entitled M 
“Ports of the Mathematical Philosophy Group in the MSc have 
is. Written, It is believed that this BVMF form of i marge 
Alge niversal applicability to any system of logic just as Ma 


Te Asal to any 
Vstem. 'S employed for universal application of group theory 
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Honors, Citations and awards: 


1, Shanti Swarup Bhatnagar Prize for (Physical Sciences (1961) 
Biophysics (1964) 


9, Watumul memorial Prize in ( 
3, John Arthur Wilson Award by American Leather Chemist 


Association (1967) 

4. Meghnath Saha Medal of the Asiatic Society (1971) 

5. Srinivasa Ramanujan Medal of INSA (1972) 

6. J.C. Bose Award of UGC (1976) 

7. J.C. Bose Award of the Bose Institute (1977) 

8. Fogarty International Medal of NIH (1978) 

9, Indian Institute of Science Alumni Award (1979) 

10. Sir C.V. Raman Medal of INSA (1982) 

11. R.D. Birla Award for Medical Sciences (1985) 
12..CSIR Golden Jubilee Award for Life Sciences (1991) 
13. MP. CSIR Jawaharlal Nehru Award for Sciences (1992) 


Other Biographical Listings: 
Hobbies and Recreations: 
Indian and Western Music 
Detective Fiction 

Eastern and Western Philosophy 


1. Who’s Who in Science and Engineering (Marquis Publications) 121 
P.O. Box 37, New Providence, New Jersey 07974 - 0039 USA 


2. International Who’s Who (Europa Publicati 
Loa VORA, Ue pi ications, 18 Bedford Square, 
3. Who’s Who 1994, 35 Bedford Row, London WC IR/4JA, UK 


4, Men of Achievements, Internati i i 
, onal B 
Dea eae lographical Center, 


y 


| 
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ary of Ramachandran’s dissertation for Master’s Degree from 
wl Institute of Science. 
the first chapter deals with the nature and structure of the corona 
by a large number of particles distributed at random, e.g. 
dust strewn on a glass plate. It is shown, theoretically and 
ly that the corona consists of a large number of sharp dis- 
the original source of light (assumed to be monochro- 
tistical law of distribution of intensity amongst these 
and has been verified by means of photographic 


iycopodium™ 
experimental 
rete images of 
matic). The sta 
images is deduced, 
photometry. 

the transmission of light through a fog com- 
posed of particles suspended in a medium is investigated theoretically. 
Itis shown that the extinction coefficient for a fog consisting of opaque 
patticles is double that given by purely geometric considerations, the 
doubling arising as a result of the diffraction of light. Thus the results 
of Mallock and others are shown to be in error by a factor of 2. For 
transparent particles a theory is developed on the basis of a simplify- 
ing assumption that the wave passing through an individual particle 
suffers only a change of phase. The treatment successfully explains 
the colors observed in the light transmitted by the fog. 


In the second chapter, 


Inthe third chapter, a theory of the optical phenomena exhibited by 


roe emulsions as well as those observed in the Christiansen 
ee : worked out de novo on the basis of the diffraction of 
index * Sphere immersed in a medium of nearly the same refractive 
ed light me are derived both for the intensity of the transmit- 
discuss a that of the light diffracted in other directions. These 
and it jg iin inrelation to the intensity and spectral nature of the light, 
wn that the theory can satisfactorily account for the vatl- 


SD 
“nomena observed by Sethi and Sogani. 


P= 
cs 


eS 
P= 


+ 


the 
‘Dlers ing chapter the ideas indicated in the second and the third 
dropies Employed to develop a theory of the coronae due to water 

'Scussion of the expressions obtained shows that the the- 
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ory can, at least in a general way, explain some of the phenomena 
exhibited by such coronae, especially the central disc and the rapid 
changes in the ring system produced by small changes in the radius of 
the drops. 


In the fifth chapter, the general electromagnetic theory developed by 
him and the others for the scattering of light by a sphere is considered, 
and a theorem is proved that if the sphere is non absorbing, the total scat- 
tered energy is equal to the reduction in the energy of the transmitted 
wave. The results obtained by the previous workers for the scattering 
and attenuation by particles having sizes within restricted ranges are 
compared with those given in the preceding chapters for the same 
ranges, and it is found that they agree, provided the difference in the 
refractive indices of the particle and of the surrounding medium is small. 


In the sixth and final chapter the optical behavior of a periodically 
stratified medium is investigated and expressions are derived for the 
reflection and transmission coefficients of such a medium consisting of 
a finite number of stratifications. The particular case of Lord Raleigh 
in which the stratifications consist of parallel plates of equal thickness, 
is deduced from the general theory. It is found that the spectral sharp- 
ness of the principal maxima of reflection cannot be indefinitely 
increased by increasing the number of stratifications, since the width 
of the bend of reflection in the spectrum has a minimum limiting value, 
which depends on the reflecting power of the stratifications. A study 
of the limiting case, when the number of stratifications is infinite 
shows that the reflection is total in the region of the primary maxima, 
and that outside them the intensity of reflection falls down rapidly. 


(This work was the basis of the first paper published by 
Ramachandran in 1942 in the Proceedings of the Indian Academy of 
Sciences, a Journal which published a number of his original contribu- 
tions.) 


The theory is also applied to the problem of reflections of x-rays by 
crystal planes and it is shown that Darwin’s and Prins’s results can be 
deduced directly from the general formulae. Attention is drawn to 4 
not unimportant error in Darwin’s formulae. 
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(Ph.D.) students of G. N. Ramachandran, M.S, candidates 


uate . . 
Gre re indicated with *. (period until about 1967) 


(by research) al 


1, Lonappan, M. (Thermal Expansion) 
2. Chandrasekharan, K.S. (NaClO3/NaBrO3) 
3, Raman, S. (anomalous dispersion/fourier syntheses) 
4, Srinivasan, R. (statistics/crystal structure) 
5, Sasisekaran, V. (fiber diffraction) 
6. Krishnamurthy, E. V. (analog computing- Leelavati?) 
7, Dweltz, N. E. (Chitin) 
8, Venkataraman, S. (Optical Activity) 
9, Parthasarathy, R. (Anomalous Dispersion) 
10, Sarma, Raghupathy. (Statistics, Crystal Structures) 
11. Rao, S. Thyagaraja 
12. Mallikarjunan, M. 
13. Ramakrishnan, C. (Stereo 
14. Subramanian, E. 
15. Parthasarathy, S. (intensity statistics) 
16. Chandrasekharan, R. (joint with RS) 
17. Laskhminarayanan, A. V. (joint with Sasi) 
18. Sarathy, K. P. 
19. *Ambady, G. K, (Collagen) and then i 
20. *Aravindakshan, (crystal structure) 
21. *Ranganathan M. (Barium acetate (triclinic) 
zn *Santhanam, M. S. (Calcification of Collagen) 
i ‘Anantakrishnan, S. (joint with RS) 
ae Ae R. R. (joint with RS, MS or PhD) 
oa ie - Venkatachalam 
7 é ae Bansal(Indian Inst of Science) 

-A\S. Kolaskar (Indian Inst of Science) 


chemical criteria of polypeptides) 


ndependent Ph.D. 
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Scientific Publications of G.N. Ramachandran 
GNR Principal author (Co-author if present) 


Molecular Biophysics: 


1. Elements of Helical Structure of Collagen, Current Sci. 23, 349, 
(1954) (G.K. Ambady). 

2. Structure of Collagen, Nature 174, 269.(1954) (G. Kartha). 

3. Orients crystallization of inorganic salts in collagen, Experientia 11, 
343, (1955) (G.K. Ambady). 

4. Studies on Collagen - Part I: Structure of the Collagen Group of 
Proteins, Proc. Indian Acad. Sci. A42, 215 (1955) (G. Kartha). 

5. Occurrence of Chitin in the epicuticle of an arachind Palamneus 
swammerdami, Nature 176, 557 (1955) (G. Krishnan and M.S. 
Santhanam). 

6. Structure of Collagen, Nature 176, 593(1955) (G. Kartha). 

7. Infra red spectrum and structure of collagen, J. Chem. Phys. 23, 600 
(1955). 

8. Structure of Collagen, Nature 177, 710 (1956). 

9. Cylindrical lattice structure of collagen. Archives Biochem, Biophys. 
63, 255 (1956) (V. Sasisekharan). 

10. In Vitro calcification of collagen, Experientia 12, 340 (1956) (M.S. 
Santhanam). 


11. Structure of Elastin, Proc. Indian Acad. Sci. A45, 124 (1957) (M.S. 
Santhanam). 

12. Studies on Collagen Part II: Cylindrical lattice structure of colla- 
gen, Proc. Indian Acad. Sci. A45, 363, (1967) (V. Sasisekharan). 

13. Modification of collagen and gelatin by chemical reagents, Recent 
Advances in Gelatin and Glue Research, G. Stainsby Editor, Pergamon 
Press, London 1957 p 32. 

14. Study of molecular structure of fibers Part I, J. Sci. Ind. Research 
A19, 357 (1960) (V. Sasisekharan). 

15. Study of molecular structure of fibers Part II, J. Sci. Ind. Research 
A19, 488, (1960) (V. Sasisekharan). 

16. Analysis of x-ray diffraction patterns of helical structures, Proc. 
Indian Acad. Sci. A52, 240 (1960). 
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tudy of molecular structure of fibers, “Proceedings of t : 

os and Symposium on Solid State Physics oe ace 
pit (Vv. Sasisekharan). 
1g, Structure of Collagen, Current Science 30, 127 (1961) (V. 
sasisekharan). 
19, Structure of collagen, Nature 190, 1004 (1961) (V. Sasisekharan). 
40, Structure of fibrous proteins and polypeptides, In “Collagen” 
Edited by N. Ramanathan and published by Interscience Publishers, 
(1962) page 3- 
9], Structure of collagen at the molecular level. In “Collagen” Edited 
by N. Ramanathan (1962) and published by Interscience Publishers, 
page 81 (V. Sasisekharan and Y.T. Thathachari). 
22. Structure of feather keratin Part I Protofibrilar structure, 
“Collagen” Edited by N. Ramanathan (1962) and published by 
Interscience Publishers, page 147 (N_E. Dweltz). 
93. Theory of optical rotation of the alpha helix and its absolute con- 
figuration, “Collagen” Edited by N. Ramanathan (1962) and published 
by Interscience Publishers, page 199 (S. Venkataraman). 
94. The structure of Chitin, Biochim. Biophys. Acta 63, 307 (1962) (C. 
Ramakrishnan). 
25, Stereochemistry of polypeptide chain configurations, J. Mol. Biol. 
7, 95 (1963) (V. Sasisekharan and C. Ramakrishnan). 
26. Triple helical structure of collagen, “Aspects of Protein Structure” 
edited by G.N. Ramachandran and published by Academic Press, 
(1963) Page 39. 
27. Biological large molecules, Trans. Bose Res. In 
page 145. 
28. Stereochemistry of polypeptide and pol 
mations, “Aspects of Protein Structure” edited by G.N. Ra 
= Published by Academic Press, (1963), pase 
mnie and V. Sasisekharan). 
6th ne of collagen and other fi 
i nternational Congress of Biochemistry, 

Bust 1) 6 (2), 115, (1965). 
. ‘Same structure of living matter, J. 


st. 25, 4 (1962), 


ysaccharide chain confor- 
machandran 
121, (C. 


brous proteins, (Abstracts 
New York, July 26 - 

i. Ind. Research 24,213 
(1965 Sci. In 


3] 
ah aspects of the structure of collagen, Proceedings of a 
Posium International Sur Le Tissue Connectif France (1965), 
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Sasisekharan, A.V. Lakshminarayanan and C. Ramakrishnan). 

32. Structure of proteins and polypeptides, (Presidential address deliy- 

ered at Physics section Proceedings of the Combined 51st Session of 

the Indian Science Congress, Part II), 1965, page 37. 

33. Did life begin as a crystal? Science Reporter (CSIR India), 2, 282 
(1965). 

34. Stereochemical criteria for polypeptide and protein chain confor- 
mations, Part II, Allowed conformations for a pair of peptide units, 
Biophysical Journal, 5, 909 (1965), (C. Ramakrishanan). 

35. Determination of the possible conformations of the residues linked 
in a polypeptide chain, Biopolymers 3, 591 (1965), (C. Ramakrishnan 
and C.M. Venkatachalam). 

36. Refinement of structure of collagen, Biochim. Biophys. Acta. 19, 
314 (1965), (V. Sasisekharan). 

37. Molecular structure of polyglycine II, Biochim. Biophys. Acta.112, 
168 (1966), ( V. Sasisekharan and C. Ramakrishnan). 

38. A proposal of standard conventions and nomenclature for the 
description of polypeptide conformations, J. Mol. Biol. 15, 399 (1966); 
Biopolymers 4, 121 (1966); J. Biol. Chem. 241, 1004 (1966) (J.T. 
Edsall and others). 

39. The conformation of arginine side group and its variations, J. Mol. 
Biol. 15, 232 (1966), (S.K. Majumdar and others). 

40. The stability of two-bonded collagen helix, Biochim. Biophys. Acta 
120, 457 (1966), (C.M. Venkatachalam). 

41. Stereochemical criteria of polypeptide and protein chain confor- 
mation III Helical and hydrogen-bonded peptide chains, Biophys. J. 6, 
849 (1966), (C.M. Venkatachalam and S. Krimm). 

42. Conformation of side groups in amino acids and peptides, 
Biopolymers 4, 495 (1966) (A.V. Lakshminarayanan). 

43. Polypeptide chain conformation, Fed. Proc. 25, 346 (1966). 

44. Stereochemistry of nucleic acids and polynucleotides I Theoretical 
determination of the allowed conformations of the monomer unit, 
“Conformations of Biopolymers” Vol. 2. Edited by G.N. 
Ramachandran and published by Academic Press (1967), page 641, (V. 
Sasisekharan and A.V. Lakshminarayanan), 

45. Conformational Studies of Amylose, ‘“Conformations of 
Biopolymers” Vol. 2. Edited by G.N. Ramachandran and published by 
Academic Press (1967), page 721, (V.S.R. Rao and others). 


y 


A study oo 


. Jymers 
jop 
: FemiC Press 


APPENDIX 4189 


he conformation of amino acids, “Conformations of 

|. 2, Edited by G.N. Ramachandran and published by 

(1967), page 61, (A.V. Lakshminarayanan and V. 

seh istty of polypeptide chains - comparison of different 

i functions. “Conformations of Biopolymers” Vol. 2. Edited 

nt Ramachandran and published by Academic Press (1967), page 

by C M. Venkatachalam). 

83, structure of polyglycine II with direct and inverted chains, 

2 formations of Biopolymers”, Vol. 2. Edited by GN. 

Ramachandran and published by Academic Press (1967), page 429, (C. 

pamakrishnan and CM. Venkatachalam). 

49, Absolute configuration of glucosamine, Biochim. Biophys. Acta 

148,317 (1967), (R. Chandrasekharan and K.S. Chandrasekharan). 

50. Hydrogen bonding and conformation of polypeptides, “Fibrous 

Proteins” Edited by W.G. Crewther and published by Butterworths, 

Australia (1967), page 71, (C. Ramakrishnan). 

51, Molecular architecture of collagen, J. American Leather Chem. 

Assn. 63, 160 (1968). 

52, Analysis of permissible conformation of biopolymers, “Structural 

Chemistry and Molecular Biology”, Edited by A. Rich and N. 

Davidson and published by Freeman & Co USA, page 77 (1968). 

53. Possible formation of left handed alpha helix for poly-L-serine, 

Biopolymers 6, 461 (1968) (K.P. Sarathy). 

54, Stereochemical criteria of polypeptides and proteins IV Standard 

dimension for the cis peptide unit and the conformation of cis polypep- 

es Biopolymers 6, 1255 (1968), (C.M. Venkatachalam). 

ti ge hydrogen bonds via bound water molecules in collagen 

5 Cini Biopolymers 6, 1649 (1968), (R. Chandrasekharan). 

Chemie wipe of polypeptides and proteins, Advances in Protein 

1 elect , 283 (1968), (V. Sassisekharan). 

posi ar forces in physics and biology, Proceedings of the DAE 
8) pa on Nuclear Physics and Solid State Physics, IIT Madras 

58. ip 161. 

biopolymer ce TO Planar peptide units in polypeptide chains, 

%. Single ae sans (1968). 

BB, Doyle ‘ain triple helical structure, Biopolymers 6, 1771 (1968), 

and E.R. Blout). 
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60. Stereochemistry of biopolymer conformation, Nobel Symposium 
11 (1968) - Symmetry and Function of Biological Systems at 
Macromolecular Level, Edited by A. Engstrom and B.S. Strandberg 
and published by John Wiley New York (1969), page 79. 

61. Molecular forces in protein structure and crystallography, Int. J. of 
Protein Research I (1969). F 

62. Conformation of polypeptide chains, Ann. Rev. of Biochem. 38, 45 
(1969), (C.M. Venkatachalam). 

63. Molecular Biophysics and Crystallography, Krishnan Memorial 
Lecture National Physical Laboratory, New Delhi, J. Sci. Ind. Res. 29, 
122 (1970). 

64. Studies on the conformation of amino acids VI Conformation of 
proline ring as observed in crystal structure of amino acids and pep- 
tides, Int. J. of Protein Res 3, 25 (1970), (R. Balasubramaniam and 
others). . 

65. Studies on the conformation of amino acids XI Analysis of 
observed side group conformations in proteins, Int. J. of Protein Res. 
2, 223 (1970), (R. Chandrasekharan). 

66. Studies on the conformation of amino acids XII Energy calculation 
on prolyl residues, Biochim. Biophys. Acta. 221,165 (1970), (AY. 
Lakshminarayanan and others). 

67. Potential function for hydrogen bond interactions I A modified 
Lippincott- Schroeder potential function for the N-H...O interaction 
between peptide groups, Biochim. Biophys. Acta 221, 182 (1970), (R. 
Chidambaram and R. Balasubramaniam). 

68. Potential function for hydrogen bond interactions II Formulation of 
an empirical potential function, Biochim. Biophys. Acta. 221, 196 
(1970), (R. Balasubramaniam and R. Chidambaram). 

69. Stereochemical theory in coding, Proc. of the Symposium on 
Macromolecules in Storage and Transfer of Biological Information, 
DAE Bombay (1970) Page 17, (A.V. Lakshminarayanan). 

70. Effective dielectric constant values to be used in biopolymer ene!I- 
gy calculations, Ind. J. of Biochem 7, 95, (1970), (R. Srinivasan). 

71. A new derivation of the Fourier transform of a helical structure, 
Krist 132, 152, (1970), (C.M. Venkatachalam). 

72. Studies on dipeptide conformation and on peptides with sequences 
of alternating L and D residues with special reference to antibiotic and 
ion-transport peptides, Proc. of 2nd American Peptides Sympostunt 
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970) Paper #28, (R. Chandrasekharan). 
ation energy map of a dipeptide unit in relation to 


crevel nd ( 
Jear magnetic resonance data, Biopolymers 10, 935, 


fi ri 
FAC conlol 1m. 


“tr red and nuc charan) 

inf Chandrasekharan). oo. 

Caan of NH-C-H coupling constant with dihedral angle in 

4. Laci of peptides, Biopolymers, 10, 2113, (1971), (R. 
gpectté 

NM eka and Kenneth Kopple). 

Chane sential functions for hydrogen bond interactions III Empirical 

5, Pote on for the peptide N-HOO=C hydrogen bond, Proc. 


tential functi 
Indian Acad. S 


G hidambaram). | , m 
76, Potential functions for hydrogen bond interactions TV: Minimum 


conformation of the alpha helical structure of poly-L-alanine, 
d Sci. A74, 284 (1971), ( R. Chandrasekharan and R. 


ci, A74, 270 (1971), (R. Chandrasekharan and R. 


energy 
Proc. Ind. Aca 


Chidambaram). . ; 
77, Conformation of peptides containing both L-and D- residues I 


Helical structure with alternating L and D residues with special refer- 

ence to the LD-ribbon and LD- helices, Indian J. of Biochem. and 

Biophys. 9,1 (1972), (R. Chandrasekharan). 

78. Accuracy of potential functions in the analysis of biopolymer con- 

formations, Proceedings of the Fifth Jerusalem Symposium, (1972) 

page |. 

19, Theory of intermolecular forces for the study of protein conforma- 

Uions, Current Science 41, 689 (1972) 

A ag potential functions and crystal packing, Z. fur 

Bec. a 138, 299 (1973) (K.P. Sarathy and A.S. Kolaskar) 

sin oe ain of cyclic dipeptides from empirical energy calcula- 

8 Thee po id 12, 1421 (1973), R. Chandrasekharan and others). 

(1973), cy cha peptide unit, Biochim. Biophys. Acta. 303, 8 
onformatin shminarayanan and AN. Kolaskar). 

Bn bonds in on of the LL and DD hairpin bends with internal hydro- 

(1973), (R. Noa and peptides, Biochim. Biophys. Acta. 303, 14 
ty _aaethoran and others). 

tucture 4s anar peptide unit I] Comparison of theory with crystal 

sls, 4, Biochim. Biophys. Acta. 303, 385 (1973), (AS. 


4p !YPothesis 
“Weture, eee on the role of hydroxyproline in stabilizing collagen 
um. Biophys. Acta, 322, 166 (1973), ( M. Bansal and 
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R.S. Bhatnagar). ' 

86. Molecular packing of the crystal N-methyl acetamide, Z. fur 
Natureforschung 28, 643 (1973), (K.P. Sarathy and A.S. Kolaskar). 
87. New type of dihedral angle for the description of biomolecular structures, 
Current Science 43, 197 (1974), (A.S. Kolaskar and Ramesh Narayan). 

88. The mean geometry of the peptide unit from crystal structure data, 
Biochim. Biophys. Acta. 359, 298 (1978), (A.S. Kolaskar and others). 
89. Molecular structure of collagen, Leather Science 22, 27 (1975). 
90. Hydroxyproline stabilizes both intrafibrilar structure as well as 
inter-proto-fibrillar linkages in collagen, Current Science 44, | (1975) 
(M. Bansal and C. Ramakrishnan). 

91. Stabilization of collagen structure by hydroxyproline residues, Proc. 
Ind. Acad. of Sci. A82, 152 (1975), (M. Bansal and C. Ramakrishnan). 
92. A triple helical model gor (Gly-Pro-Hyp)n with cis peptide units, 
Biopolymers 14, 2457 (1975), ( M. Bansal and C. Ramakrishnan). 

93. Crystal structure from packing studies: Application to triclinic 
structures of the cyclic hexapeptide cyclo(Gly-Tyr-Gly)2, Acta. Cryst. 
A32, 1008 (1976), (N. Shyamala). 

94. Stereochemistry of pyrolidine rings in the collagen structure, 
Current Science 45, 647 (1976), (M. Bansal). 

95. An explanation for the rare occurrence of the cis peptide units in 
proteins and polypeptides, J. Mol. Biol 107, 85 (1976), ( A.K. Mitra). 
96. Confirmation of Paulingis theory that Vitamin C improves immu- 
nity to infections, (Linus Pauling Symposium, Saniel Conference 
March 9-11, 1978), Int. J. Quantum Chemistry 5, 15 (1978). 

97. A theoretical study of the structures of (Gly-Pro-Leu)n and (Gly- 
Leu-Pro)n, Int. J. Peptide Protein Res. 11,73 (1978), (M. Bansal). 
98. Biomolecular Conformation - Retrospects and Prospects (A philo- 
sophical Review). Proceedings of the Second SUNY Albany 
Conversation in the Discipline Biomolecular Stereodynamics in 
“Biomolecular Stereodynamics” edited by Ramaswamy H. Sarma and 
published by Adenine Press Albany (1981), page |. 

99. Stereochemistry of Collagen. (Invited Review article) May 1987, 
Int. Journal of Peptide and Protein Research 31, 1988 11-16, (29). 


B. Optics and X-Ray Crystallography 


1. Reflection of light by a periodically stratified medium, Proc. Indian 
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6, 336 (1942). 

n of light through a cloud of randomly distri 
stribut 

Acad. of Sci. A17, 171 (1943). - — 

ee The theory © descent clouds, Proc. Indian Acad. 

of Sci. AI7, 202 (1943). 


heory of chromatic emulsions and of the Christiansen 


4. Optical t 
experiment, 18, 67 (1943). 
B Fluctuations of light intensity in coronae formed by diffraction, 
Proc. Indian Acad. of Sci. A18, 190 (1943). 
6. Modes of atomic vibration in fourteen Bravais lattices, Proc. Indian 
Acad. of Sci. A18, 266 (1943). 

cked lattices, Proc. 


7. Modes of vibration of the hexagonal close pa 
Indian Acad. of Sci. A18, 341 (1943). 


8. Diffraction coronae due to non-spherical particles, Proc. Indian 


Acad. of Sci. A19, 123 (1944). 
9, X-ray topographs of diamond, Proc. Indian Acad. of Sci. A19, 280 
(1944). 

n Acad. 


10. X-ray reflection and the structure of a diamond, Proc. India 


of Sci. A19, 304 (1944). 

11. The angular divergence 0 

Indian Acad. of Sci. A20, 245 (1944). 

12. X-ray topographs of diamond, Current Science 13, 156 (1944). 

13. A new derivation of the Darwin-Prins formula of x-ray reflection, 

Proc. Indian Acad. of Sci. A20, 100 (1944). 

14. On the radiation from the boundary of diffracting apertures and 

obstacles, Proc. Indian Acad. of Sci. A21, 165 (1945). 

. Cd atnaamaiang of diamond, Nature 156, 83 (1945). 

4 > eae x-ray reflections of diamond, Nature 155, 234 (1945). 

A24 -ray topographs of diamond Part II, Proc. Indian Acad. of Sci. 

ae 95 (1946). 

19, ic rings in divergent light, 

Indian A € crystal symmetry of diamond 

20. On reek of Sci. A24, 58 (1946). ; 

Bios Hi and origin of the lamina’ 
1. The tu n Acad. of Sci. A24, 65 (1946). 

Acad. minescence of diamond excited 
> of Sci. A24, 81 (1946). 

* Luminescence as ‘forbidden’ electronic transitions in diamond, 


f x-ray reflections by diamond, Proc. 


7, 700 (1946). 


Phil. Mag. 3 
Proc. 


and its x-ray reflections, 


tions observed in diamond, 


by x-radiation, Proc. Indian 
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Proc. Indian Acad. of Sci. A24, 176 (1946), (V. Chandrasekharan), 

93, Photoelastic constants of diamond, Proc. Indian Acad. of Sci. A25, 
208 (1947). ; 

24, Thermo-optic behavior of solids -I: Diamond, Proc. Indian Acad. 
of Sci. A25, 208 (1947). 

25. Thermo-optic behavior of solids -II: Fused quartz, Proc. Indian 
Acad. of Sci. A25, 266 (1947) 

26. Thermo-optic behavior of solids -III: Flourspar, Proc. Indian Acad. 
of Sci. A25, 286 (1947) 

27. Thermo-optic behavior of solids -IV: Zinc-Blende, Proc. Indian 
Acad. of Sci. A25, 375 (1947) 

28. Thermo-optic behavior of solids -V: Alkali halides, Proc. Indian 
Acad. of Sci. A25, 481 (1947) 

29. Thermo-optic behavior of solids -VI: Optical glasses, Proc. Indian 
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Introduction 


As stated in the title, this essay is historical and philosophical-in that an attempt is made to 
explore the special events which led to the discipline of conformational analysis being estab- 
lished, and to give a bird’s eye view of the development of molecular biophysics, particularly 
during the last three decades. Towards the end, I give suggestions as to the lines of approach 
for further studies that will be particularly rewarding in the future, both from the point of view 
of their basic importance, and their relevance to the growth of biological sciences. 


Necessarily, this article is based on my personal experiences during the last thirty years and 
therefore many investigations undertaken by me and my colleagues are picked out for illus- 
tating the main argument. I should emphasize, however, that full references to some extreme- 
9 important papers from other laboratories are not given only because this review is not 
lens to be exhaustive, but to picture some salient steps in the development of the disci- 
he So that examples which are particularly familiar to me have been employed. Also, ng 
Per is written in a conversational style, as in a delivered lecture, although I will not be talk- 


q 

"8 Personally in the conversation. 

In hy P . r. 

eng asking me to contribute an introductory paper for this Gocveseie, TE 
a amy Sarma has mentioned how he was “‘a child playing 0 - aA ie aay 50's. 

Althoy “tthe time when Molecular Biology was born in the late 40°s an of being a fully 
Ped am also a son of the same soil of Kerala, I had the good eo before deciding 

Whether Sclentist at that time, but one who was waiting on the me doctorate degree 

Workin is enter this new stream or not. In the late 1940’s, after taking first hand the 

Sith Prof. SirC. C, Raman, I went to Cambridge, England aia 
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ography. I had the good fortune to meet there Perutz and 
Kendrew who were at that time considered to have taken up an insurmountable task, namely 
that of solving the structures of compounds whose molecular weights were in the region of 
many thousands, while solving the crystal structures of even a molecule with 20 atoms was 
considered an achievement. A couple of years after I returned to India, I was lucky to be made 
the head of a new department in Madras, mostly devoted to research and having very little of 
teaching. Further, the laboratory was new and I could develop my inclinations in any direction 
that I wanted, subject to its being within the broad discipline of physics as it was understood 
then. I desired to start research on biomolecular structures as studied by methods of X-ray crys- 
tallography, the latter of which was familiar to me both from my earlier experiences with 


Raman and later in Cambridge. 


latest developments in crystall 


] should perhaps explain why I was attracted to this fascinating subject. This is not merely a 
personal history, but it has relevance to the reason why researchers in the field of biomolecules 
turned in the way they did from about the beginning of the 50's. Even in the first year of my 
pre-doctoral studies in the early 40's with Raman, | was attracted by two books on his shelf, 
namely, “Nature of the Chemical Bond” by Linus Pauling, and “Natural and Synthetic High 
Polymers” by Kurt Meyer. These left a profound impression on me, although at that time I was 
working mostly on optics and diffraction theory under Prof. Raman. 1 took crystal chemistry 
gs an extra-curricular subject of study and as part of this, crystal structures came in for serious 
consideration. Even at that time, I used to wonder why so few of the materials that formed the 
building blocks of living systems were fully explored by crystallographic techniques. No 
doubt, the structures of silk and of cellulose and related materials were reasonably well estab- 
lished, by studies starting right from the 1920's, and finally confirmed by the work of Meyer 
and his coworkers. Similarly the pioneering studies made by Astbury on keratin, myosin, etc., 
had clarified the fact that there exist two types of structures in the fibrous proteins, namely of 


the a and B types. 
Alpha Helix-The Progenitor of Molecular Biophysics 


I now come to the key event that took place in the field of biomolecular structure, namely the 
publication of the beautiful series of papers by Pauling and Corey (1) which appeared in the 
Proceedings of the National Academy of Sciences of U.S. in 1951. I read every one of them in 
our library (perhaps I was the only person in Bangalore who read them all), and I was thrilled 
by the revelation of so much of order existing in the materials of the living world. Leaving pet- 
sonal feelings aside, looking back from today, nobody will contradict me if say that the enun- 
ciation of the a-helix by Pauling based on the planar peptide unit, and the crucial importance 
of the formation of strong and straight NH ... O hydrogen bonds, which he demonstrated, were 
the starting point for almost all that has taken place since then in the solution of the structures 
of various biopolymers. Perhaps, as a crystallographer, I should mention a certain aspect about 
Pauling’s a@-helix, which those who are not crystallographers would not have appreciated so 
clearly. There is a “dogma” in crystallography, according to which screw symmetry can have 
only axes of orders 2, 3, 4 and 6. Both 5 and the higher integers, as well as non-integral values 
for the number (n), of units per turn, are disallowed for crystal structures. J use the wor' 

dogma, because unfortunately, it has led to a delay in the realization of the true nature of the 
helical symmetry in many biopolymers. It needed the clear sight and wisdom of a person e 
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nitude of Pauling to realize that ‘wal is important for the stabilizatio 
he mae yymer chain, is not crystallographic considerations, but crystal- h n of the structure 
of aio” ie crystal structures ofa large number of compounds, he aly ehemical principles, 
‘in derations in the forefront in understanding ihe weet and 
S regarding the 


psi ial considerations int 
chem the three-dimensional architecture of molecules, rather than th 
pat as gymmeltY, number of molecules per unit cell etc, ‘Therefore is more mundane 
a ix had a non-integral number of units per turn, he had no hesitation en he found that 
ae 3 possible structure for the polypeptide chain. I say this because at th putting it for- 
wa pauling’s papers I was rather surprised at the fact that n was 3.6. far his Oo sie time when I 
saw anice crystal structure with one of the classical a a ewe 

S 2 i 


ould not fit into * ‘ 
a wyas only a WAY of getting over the non-integral nature. 


eta non-integral number of residues per turn is not at all impossible for single helices came 
aut even. more prominently one year after the a-helix appeared, namely in 1952, when 
Cochran, Crick and Vand published their famous paper (2) on the Fourier transform of helical 
gjrgctures. 1 am quite sure that it was this confidence in chemical principles (as enunciated by 
auling), rather that crystallographic requirements, that removed the obstacle of a multiple of 
six as a necessary number of units per turn in the DNA helix (3) that Watson and Crick worked 
out. (I have not talked to them but it would be very interesting to know what the feeling about 
orthodox crystallography was at the time on this matter. In fact, even such stalwarts like Bragg, 
Kendrew and Perutz missed discovering the a@-helix, in their exhaustive study (4) published in 
950 (one year before Pauling’s), because their emphasis was on configurations that were con- 


sistent with crystal symmetry.) 


is not very surprising that, following Pauling’s alpha helix in 1951 and the DNA double helix 
in 1953, we were lucky in working out the triple-helical structure of collagen (5) in 1954. In 
fact, when Kartha and I worked out the structure, we were looking for a 3-fold screw symme- 
try for the structure-I shall say later about how the 3-fold symmetry was arrived at-but since 
we had not fully realized that non-essentialness of a crystallographic screw axis at that time, 
wedid not look for a non-integral number of units per turn. Actually, the structure we proposed 
was based on a hexagonal unit cell, having 3-fold symmetry. However, all the essential physi- 
cal and stereochemical requirements of the collagen structure were there in it-namely facts 
known about infrared dichroism, amino-acid composition, (such as fitting in of proline) and so 
on, However, within one year after this, when we got a good x-ray pattern of collagen right in 
Gur laboratory, we revised the value of n from -3.0 to -3.3, a non-integral number (6). This 
Me actually done by analyzing the pattern using the formulae for such a non-integral helix, as 
ee ie paper of Cochran, Crick and Vand mentioned above. By that es ene 
teers ie attuned themselves to non-integral numbers, although an i Poles ; = on 
Talos of j i lingers, so that, even now, many express non-integral ee ~* 0/3 for collagen. 
'nlegers-for example, 47/13 for the a-helix of poly-L-alkanine, and | 


Soon i seen ‘ 
ides moe © enunciation of the collagen helix in 1954, even in the year eek ‘an cage 
th 'o collagen, like polyglycine II and polyproline, were foun! (300A), which 


ct that the unit height 
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helical structure; 


was actually 
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ated for synthetic polypeptides, and also quite a few Olypep- 
structures ae the pinreneteh helix have been observed, In ae, “a 
tides ; aan of this third type of structure, I would like to suggest the name ¥struc- 
scalniaeee term for all polypeptide structures having a collagen-like configuration-irre. 
snive or whether the number of units per turn is exactly three on not. The term helix will 
signify a peptide chain configuration having a lefthanded helix close to three units per turn, 
and a unit height of the order of 3A. (There is likely to be no confusion with the helix that 
Pauling put forward in 1951, since we know from energy considerations that this is unlikely to 
occur and as it has also never been observed.) In terms of he (9, y)-angles, the a@-, B- and + 
structures will lie in the vicinity of (-60°, -60°), (-120°, 120°), (-60°, 120°). (See Table 1), 


Generation of New Ideas and Their Detailed Application 


Since this essay is philosophical in tone, I would like to discuss certain aspects related to the 
enunciation of completely new ideas like the @-helix, which is the result of inspired thought. 
Although it is likely that an “inspiration” is imperative for the breakthrough to occur, it has 


Table I 
Dihedral Angle Values and Helical Parameters of the Possible all-trans Polypeptide Helices. 


Dihedral Angles Helical Parameters Reference 
Type or Name g ye a n WA) 
—Intrachain j > 1 
a Oey! . -78° 59° _— a2. 27 (30) 
49° -26° small 3.1 20 (30) 
-47° -57° ~0° 36 15 (30) 
-53° -70°___ small 45 1 (30) 
Beta type**—Interchain H-bonds* 
Silk, Poly-Gly -140° 135° 7 2.0 3.45 (30) 
_Bkeratin -125° 120° t 2.0 33530) 
Gamma type-Interchain H-bonds* 
(a) Hexagonal lattice 
Poly-Gly,-Pro,-Hyp° -80° 150° + -3.0 Bil (7) 
(b) Triple-chain, coiled-coil structure* 
Collagen -75° 160° t 33 29 (1) 
Delta-type—Intrachain H-bonds 1 y* 
6 (j=4)* -100°_—-80°_~-10° 42 1.25, (8)_ 


*Dihedral angles rounded off to 5°. 
TA range of @is possible for these, 


"This helix has not been observed, although the nucleus of it has been observed for a pair of 
peptide units. 


*This occurs occasionally in globular proteins. 
3Common in globular units, 
‘Widely prevalent for polypeptide chains and in fibrous proteins. 


Occurs also for mixed polypeptides of these, especially having the sequence Canes 
with X or Y as Pro or Hyp. 


. . . . . i oil 
‘Poly-L-diamino-propionic acid, poly-B -benzyl-L-asparate and related polypeptides, pro 
bly have this helical structure. 
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rhis is seen Very well bya re-examination of the 1951 Series of papers by Pauling. Even in his 
first paper. he mentions about a helix which he designates as the y-helix, at the time as he dis- 
cusses the a-helix. However, we now know that the helix has not persisted, even though the 
o-helix has revolutionized molecular biophysics. This does not mean that the theoretical for- 
mulation which gave rise to the helix is wrong. It only means that there were still some fac- 
tors which were not completely included in the approach that led to the helix. I will have 
more to say about this later, when I deal with the criteria that could discriminate between a 
good biomolecular structure and a bad one. In fact, the a-helix coordinates as given by Pauling 
in 1951, would not be acceptable today, because they do not satisfy the contact criteria that we 
now adopt. One finds the same thing about the early coordinate data of the DNA helix that was 
worked out by Wilkins. The same thing is true of the first coordinates of the correct non-inte- 
gral helix of collagen (5) which Kartha and I worked out and which was criticized, on this 
point, by Rich and Crick. However, all these three structures are essentially correct, as is shown 
by the fact that, when better data and better mathematical techniques were available, they could 
be used to refine all these structures to ones which are perfectly good from the point of view 
of their packing energy. The point I wish to make here is that, in retrospect, if the structures of 
the Ochelix, the DNA helix, and the collagen helix, as they were put forward in the 1950's, 
Were examined from the 1980 criteria, the actual structures proposed would be declared to be 
tnacceptable. But with the knowledge and facilities available in 1980, they could be refined to 
‘<ceplable structures, perhaps in 5 minutes of computer time. 


Sil out of Curiosity, I examined the literature from 1950-55 about the types of helices that 
iy — Predicted and those that have survived. I am not giving an exhaustive list, but only a 
Nea ‘o show how infantile the stereochemist’s approach to se ee a . 
‘0 fit ia gn Pauling gave a structure for collagen in his 1951 series which was beltev 
“veral features of X-fay diffraction, infrared spectroscopy, and so on, and yet was 


ae i i to 
“* Near the correct structure. It even contained cis residues, which were shown not 


main i i ‘ i double helical 
lure of “ared studies, later in 1954. Again Crick (probably influenced by — optical if 


Mractg 'A) proposed a double helix for collagen in 1954 and showed by 


Meter «. +e aoa ained a 

cis ria S\udy that it fits the x-ray diffraction pattern for collagen. This ee fe finally 
u in which it agrees 

determine vit MOL present in collagen and the only feature in which it SS daples to the heli- 


ne ) a 
Cal ais, 7 Structure is that the NH...O hydrogen bonds are nearly at wee serevedtl ater 
Won, ig by the infrared dichroism studies. During that time ed nai Hee 
Mom my 4 ces for collagen were given which I do not wish to quote here, 


i i “ 
le in the ‘Treatise of Collagen” Vol. | (7). 
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Coming to feather keratin, Pauling, influenced again by the success of his a-helix for ker. 
atin, proposed that feather keratin consists of a-helices. Here also, we in Madras were influ- 
enced by the collagen helix, and proposed that feather keratin contains a collagen-like struc. 
ture for its helical chain. We were encouraged in this, to a large extent, by Measurements on 
the optical rotation [@]p of soluble feather keratin, which give a value of —400°, as compared 
with -350° for collagen, -100° for the B-structure and +100° for the a-helix. However, both 
of these have been shown to be wrong by later studies made by Fraser who prefers a B-struc. 
ture, although it is given a super-helical left-handed twist, which will bring it close to the 
collagen orientation on the average. 


Since we are talking of helices, I might add a few lines about the different types that have been 
observed so far for polypeptides. We have already considered three well-known ones-namely, 
a-helix occurring in @-keratin and myosin, the B helix which occurs in B-keratin and silk, and 
the helix which occurs in collagen and polypeptides related to it. The question arises whether 
there are any more standard helices for the L-polypeptide chain. In fact, no new types were dis- 
covered since 1954-55, until three or four years ago, when a left-handed helix, somewhat sim- 
ilar to the a-helix in being single-stranded and having intrachain hydrogen bonds, was pro- 
posed (8), and named as the &-helix. This is, however, different from the left-handed o-helix, 
in that it has hydrogen bonds in the opposite direction to that in the o-helix helices. It has inter- 
esting possibilities, and its (¢,#)-values are also given in Table I. However, we may mention 
that the long delay in its formulation was due, to a large extent, to the reluctance to question 
some well-accepted ideas, like the rigid planarity of the peptide unit, which hindered the search 
for such new possibilities. Some special experimental and theoretical stimuli were needed for 
it to be discovered. 


Its establishment as a possible stable structure for L-polypeptides came only after the existence 
of non-planarity in peptide units was established, and the energy associated with this type of 
distortions had been calculated from quantum chemistry. Experimental evidence that some fea- 
tures of it were detectable by NMR for a small sequence in the lac repressor also played an 
important part in its postulation (8). Very recently, Bansal and coworkers (9) have proved by 
energy minimization that the so-called @-helix, with n =—4, supposed to occur for poly-B-ben- 
zyl-L-aspartate, is really the 6-helix with n =—4, since the latter is lower in energy than the for- 
mer by about 1 0kcal/mole per residue. 


Different Approaches in Scientific Research, as Shown by Examples in Biopolymer 
Conformation 


Since this article deals with some general aspects of scientific research with special reference 
to biopolymer structures, I shall now consider different ways in which such a study may be 
undertaken, and J shall illustrate them with experiences in our own laboratory. In particular, 1 
shall summarize the collagen structure story in which luck played a great part, and the (9, W)- 
plot discovery, which was completely preplanned and was the culmination of a programmed 
approach. 


Leap in the Dark. As | told you, our interest in collagen arose from an attempt to falas 
some of the problems arising from the studies that Pauling and Corey had initiated; but | ¢! 


| — 
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as Bernal left, I contacted Biochemistry and got this material. It was my fi i 

af mounting @ biological fibre on an x-ray camera and taking its fibre dia : * = eetleniee 
showed, in principle, all that had been stated in the literature for collagen; “a. th ae tise: 
| did not know at that time that this material really consisted of two parts (which = te a 
out only during the last ten years or so), one of which is truly collagen-like wife th i Ham 
some other protein rich in tyrosine. However, I could see that this fibre pattern was aa oan 
enough for our studies, and we therefore looked up, in great detail, the literature ponent h 
x-ray diffraction pattern of collagen. We then learnt that the beast patterns had been aa 
using kangaroo tail tendon. But where to go for a kangaroo tail in India? A solution to this ‘i 
became possible very quickly, because only a few months earlier, the Central Leather Research 
Institute had been established in Madras and, as luck would have it, this was also next door to our 
University campus. I need not tell you that the protein in leather is almost completely collagen 
Therefore, I went to the Deputy Director of that Institute, Dr. ¥. Nayudamma, and asked him 
whether he could give me a good fibre of collagen suitable for x-ray studies, and in passing. | 


told him “Kangaroo tail tendon will do very well.” I then forgot about it; but imagine my surprise 
Dr. 


0 only six weeks later, I received a tube containing just this material. Apparently, 
layudamma had contacts with leather technologists in Australia, and through them, he had 


obtained this material. 
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gestive ideas from the literature, The essence of the planar peptide unit, as enunciated by Paulin 
was at the core of it, and following it was the fact that only trans peptide units can occur in this 
structure, as indicated by infrared data published about that time (1954) by Astbury, by Pauling, 
and by Crick, in their earlier attempts at building the collagen structure, This Was a very happy 
choice, because, as you all know, cis peptides do occasionally occur in proteins and, even Now in 
1981, we do not know why-I shall explain this later in relation to a recent study of ours, 


The occurrence of glycine as one-third of the total number of residues is the most conspicuous 
and universal feature of collagen from all sources. We took that as the foundation for our struc- 
ture, namely that glycine must occur at a position in the helix where no other side 8roup (not even 
CH; as in alanine) can exist. We took the clue from Pauling that glycine occurs at every third 
position, which very naturally explains the 1/3 frequency of this amino acid. (There was no clear. 
cut evidence either for, or against, this assumption at that time.) As infrared data indicated, the 
NH and CO bonds are nearly at right angles to the fibre axis. With these in our mind and also 
employing a crude interpretation of the x-ray pattern, that it had a left-handed 3-fold screw with 
approximately 3A as the repeating unit, we worked out the first structure. The left-handedness 
arises because the rigid ring of proline and hydroxyproline (specific to collagen), without any 
modification of the stereochemistry demanded by other considerations. 


This was published in Nature in 1954 by Kartha and me (5). By this time a young student, 
Ambadi, who is an excellent experimenter had taken inclined-beam x-ray photographs of a col- 
lagen and when we analyzed this according to the formula of Cochran, Crick and Vandt it led us 
unmistakably to the non-integral number 3,3, or something very close to it, as the number of units 
per turn. We therefore re-examined the 1954 structure. The presence of proline, with the rigid 
side-chain-backbone interaction, demanded that the modified structure can have only one pat- 
tern-namely a left-handed minor helix, with a right-handed super-helical twist of about 30° 
(~0.3/3.3 = 1/11 of a full turn of 360°.) The details of this and the method of understanding the 
collagen structure are given in my two articles (a) in Treatise on Collagen, Vol. I (7), and (b) 
Biochemistry of Collagen, 1976 (10). So I shall not say more about this, since we are not dis- 
cussing collagen as such, but with the approaches that helped us in this study. However, the archi- 
tectural scheme of the backbone in collagen is shown in Figure 1. 


Ignorance is Bliss. If 1 may say so, a certain naivete on our part helped us in getting the solution, 
because we did not know enough about the literature in the protein field to be influenced by any 
other considerations. For instance, by that time, Gustavson had shown that hydroxyproline is very 
important for collagen and that it leads to greater thermal stability to the collagen fibre. Also, an 
early study by Stetten (11) had indicated that only proline is incorporated in collagen and hydrox- 
yproline is not incorporated, so that hydroxylation should take place after incorporation of pro- 
line. If we had known all these, we would have run after the presence of hydroxyproline as one 
of the essential features of the collagen molecular structure, (which it certainly is from the chem- 
ical point of view, and even from the physical point of view, as we ourselves proved in the early 
1970's). However, the work we did in 1972-73 could never have been done in the 50's for absence 
of other vital information, and it would have been a wild goose chase. Thus, as the saying £0: 

Ignorance is bliss!” As a matter of fact, none of the other workers investigating collagen at that 
time also ave a moment's thought to hydroxyproline, although they all, like us, found the right 
Modification of the triple helix which will incorporate proline and which will fit the x-Tay pat 
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Je to refine the structure, since the x-ray pattern did not have too much 
e. We therefore turned into biomolecular crystallography and stud- 
ber of amino acids. 
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such as bond length, bond angles, and so on. The values of covalent bond lengths and bon 
were pretty well known, But what are the limiting distances for van der Waals Contacts wi 
pletely unknown at that time. In fact, the literature on crystal structures never listed all the n 
ed contacts except what the author “felt” was a short contact, and we had to calculate thes 
Ous structures that were available. 


dd angles 
ere com. 
on-bond. 
¢ for vari. 


We did this, although we had only desk calculators for this purpose. About that time, another 
young man, Ramakrishnan, had also joined for his doctorate, and Sasisekharan had Practically 
completed his doctoral work, so that I had a young person to whom the crude labor could be 
given, and another who could help in the refined analysis of the data. Very soon, in the early 
1960's, we discovered certain irregularities in the limiting contacts, But the main question stil] 
remained, as to how exactly systematic variations could be made in building up the structure of 
a molecule, that bond angles could not be changed very well, and luckily, we did not Press in this 
direction, because it would have been a fruitless task. 


However, during Sasisekharan’s approach to the refinement of the collagen structure, we had 
adopted a technique which involved rotations about certain lines. In this Case, it was the “vir- 
tual bond” Ci’ -C} in a peptide unit with a rigid planar structure. What we did was to rotate 
the peptide unit about this line over a range of angles that permitted the interbond angles at the 
Ce-atom to remain within the allowed range of 110° +3°. While this was a reasonable solution, 
it was extremely cumbersome and we wanted to improve on this. It was this long search for a 
satisfactory and convenient way of building a peptide structure that led finally to the very sim- 
ple idea that these rotations could be taken to occur about the covalent bonds themselves which 


join each C*-atom with the next atom in the chain, namely the two bonds C&C’ and N-Ca, as 
shown in Figure 2. 


The evolution of this idea took a couple of years. In the 
beginning, we found out only the effects of the restric- 
tion of the backbone atom-atom non-bonded distances 
and this was published in the volume reporting the 
symposium on Collagen (12) held at the Leather 
Research Institute in 1961. Very soon, this was extend- 
ed to the effect of side-chain-backbone contacts 
also—with only the CH; group of alanine being includ- 
ed for the side chain. The work was back-breaking, 
and it took almost 6 months for Ramakrishnan to 
obtain the complete data, once the procedure was quite 
clear, But, when the data were plotted in what we now 
call as the (@, y)-map, the results were really reward- 
ing. We could see at once that every structure that had 
been determined at that time had its o- and v- values 
within the ranges that we had marked in this map using 
the contact criteria. This was published in 1963 in the 
Journal of Molecular Biology. (13) 


Figure 2: Diagram showing the dihedal 


T have often been asked as to how confident We angles @and y (see later for the nature of &) 
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Figure 3: The (¢,y)-plot, according to the [UPAC-IUB conventions. 


were about the contact criteria. As shown in Figure 3, two sets of contacts were given-name- 
ythe “normal limits,” and what we call “extreme limits.” This was necessary, because when 
weexamined the observed crystal structures, we found that most of the non-bonded contacts 
were above the normal limits, but in some rare examples, these were violated appreciably. 
he choice as to where the limit of the normal contacts came, and where the limit of the 
atreme contacts should be put, was empirical, based purely on our judgement. But, it 1s 
tally gratifying to note that, even now, more than 15 years after the formulation was made, 
contact distances which we had indicated have remained practically unchanged, and ri 
ri drawn in ’62-'63 is still valid. The one and only improvement, "gg ecg 
to recent years, that the C...H and H...H contacts could be gree naneaing ta 
ier — limiting values by 0. 1A. I shall say something more abou! 
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Strategy of Waiting for the Right Time to Come. Now, I shall illustrate a type of research in which 
one has to wait a long period for the right type of information to become available, so as to ein 
plete the line of approach that was adopted. It was particularly so in connection with the a 
summation in the 1970's of the structure of collagen, postulated from theory as early as ‘Sass 


One of the difficult questions in the intervening period up to about 1965 was this. It appeared th at 
the best structure that is possible for the backbone (as worked out from conformational theory) 
is one in which there is only one strong hydrogen bond of the type NH...OC, while experimen. 
tal data indicated that there are two of them, for every three residues. In fact, in the early struc- 
ture which we proposed there were two. But, calculations of energy indicated that, although it 
had an extra hydrogen bond, the short contacts introduced thereby destabilize the structure, and 
the two-bonded structure was probably not superior to the single-hydrogen-bonded structure. In 
fact, there was no way of reconciling the sharp difference between the theoretical deduction of a 
structure with a single hydrogen bond as being the best, and the experimental observations that 
two hydrogen-bonded backbone NH groups could be detected for every three residues. (The third 
NH bond points in a direction away from the center of the triple helix and can never form an inter- 
nal backbone-backbone hydrogen bond.) 1 remember many occasions during conferences, at 
which my views were asked about this, and I used to say that one should somehow find a via 
media structure between those demanded by theory and by experiment. 


Actually, the answer came, in just that way in 1968, from a study which I made with 
Chandrasekaran in Chicago, on the binding of water to the backbone of the collagen struc- 
ture (14). Incidentally, the fact, that such a hydrogen bond between the second NH and a car- 
bonyl oxygen via water might exist, had been stated by.us in a paper published as early as 1956, 
but we had completely forgotten about it after that. When the subject was re-examined in 1968, 
Chandrasekaran had absolutely no difficulty in fitting the water molecule at a location satisfying 
the requirements mentioned above. In fact, I was really wonderstruck at finding that the best sin- 
gle-hydrogen-bonded structure that Sasisekharan had worked out, about 6 or 7 years earlier, was 
just right and could accommodate this extra water molecule with practically no change in the 
positions of any of the atoms already included. All that we had to do in Chicago was to fit in the 
water oxygen Ow, such that the hydrogen bonds NH...Ow and OyHwy...OC were both good and 
strong. Incidentally, we found that one more water molecule per tripeptide could be fitted 
between the carbonyls, but the H-bonds were not too strong. These data were in agreement with 
various types of information that had been gathered about the binding of water and the formation 
of hydrogen bonds in the collagen structure by experimental techniques. Some of them, like the 
one on the presence of two NH...O bonds, were available a few years earlier, but not published, 
and some obtained about the same time, or a little later. However, it was the existence of the dis- 
crepancy between facts and theory that triggered our study in 1977-78. 

But this was not the last word. Actually, when Chandrasekaran fitted the water molecules, | asked 
him the question “Would the oxygen of the same water receive a hydrogen bond from hydroxy 
proline if it were there?” I should mention that by that time, the importance of hydroxyprolin® 
for collagen fibril formation had been fairly well established. Unfortunately, Chandrasekat 
made a mistake in locating the OH group in the 4-position of the proline ring. There ae ms) 
hydroxyprolines, having the OH group in the 4-cis and 4-trans configurations, the latter of en 
is the correct amino acid that occurs in collagen. By a strange mistake, he put it in the wrong 
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the data, from the published crystallographic structure of hydroxyproline on to colla- 
and he told me that the oxygen is pointed completely in a wrong direction and can 
re near the water OW. | felt this was very unfortunate, because I was pretty sure that 
we had killed two birds at one shot, namely the explanation of the occurrence of two hydrogen 
bonds for the backbone NH’s without any short contacts, and the formation, at the same time, of 
an extra stable bond via hydroxyproline. 


in copying 
en model, 
me nowhe 


As with the earlier hydrogen bond via water proposed in ‘35~'56, once again I completely forgot 
about hydroxyproline, and we did not work on collagen until 1973 when I returned from anoth- 
er visit for a year to Chicago and took up my assignment in the newly formed Molecular 
Biophysics Unit at Bangalore. It was again a lucky coincidence that a collagen biochemist, who 
had worked on the hydroxylation of proline (Dr. Bhatnagar of San Francisco), should visit 
Bangalore just at that time, on his sabbatical leave. I told him that hydroxyproline was mysteri- 
ous, and that it was not doing what it was expected to do, and I had no answer to his query. But 
his question stimulated me to think further about this aspect. Luckily, we had some young stu- 
dents who were interested in making energy calculations for biomolecules, and I gave this prob- 
Jem to one of them. (At that time, I had no memory that I had already given it to Chandrasekaran 
and that he had drawn a blank), Imagine my surprise, therefore, when within one or two weeks, 
this student (now Dr. Manju Bansal) came back and said that the hydroxyproline makes an excel- 
lent hydrogen bond with the water Ow, placed in exactly the same location which 
Chandrasekaran had given for it without taking hydroxyproline into account. Immediately, we 
wrote a paper for Biophysica Biochemica Acta (15) saying that the role of hydroxyproline in col- 
lagen is to add extra stability to the collagen triple helix, by forming an extra hydrogen bond to 
the network of hydrogen bonds that is normally present. Later, the structure was energy-mini- 
mized by Bansal, and shown to be perfectly satisfactory. The structure is shown in Figure 4, ina 
skeletal form including only the essential atoms involved in the hydrogen-bonding network con- 
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nected with hydroxyproline. 


Unlike the case of the firmly bound water molecules, where experimental evidence 
ly preceded theory, in this case experiment was simultaneous with theory. In the Same year 
1973 when our theoretical paper on the role of hydroxyproline was published, €xperimental 
data were also published from two laboratories showing that procollagen, which did Not have 
the prolines hydroxylated, and normal collagen, which had the proline, at position 3 in the 
sequence Gly-X3-X3, hydroxylated to form hydroxyproline, had a difference of 15°C in their 
melting temperatures. In fact, it turns out that if hydroxyproline were absent, collagen of bone 
and skin would not be stable at room temperature, and talking facetiously, I May say that you 
and I would not be present here for this lecture. 


Practical. 


Need for Stimulus. In so far as collagen secondary structure is concerned, this is the maximum 
information that could be obtained, except that we may hope that, one day, someone will solve 
the crystal structure of a protein containing the #helix and get more accurate Coordinates of the 
atoms in it. However, some five years later I had one more go at the hydroxyproline mystery. 
About 1975-76; I edited a book on “Biochemistry of Collagen” (10) in which I wrote a short arti- 
cle on the molecular structure of collagen. It also contained a very long article by Prockop on the 
hydroxylation of collagen, and this brought out the most interesting fact that a special enzyme 
called proline hydroxylase is necessary for this purpose and that this enzyme had as cofactor 
ascorbic acid, i.e., vitamin C. I must also add that, at about the same time, I had come to know 
that a component of the immune response system known as “complement Clq” had, as part of 
its amino acid residues sequence, a part which is highly collagen-like, in that there is glycine at 
every third position, a reasonable amount of proline, and also definitely presence of hydrox- 
yproline residues in the third location X;, mentioned earlier. From my knowledge of the collagen 
structure, I was absolutely sure that these are sufficient to demand that the particular portion of 
complement would have the collagen triple-helical structure. Even without knowing whether 
there were three chains or not, I would have voted for the presence of the triple helix, produced 
even by the same chain folding itself back and forth. Therefore, I was thrilled when I learnt in 
1977 that Porter, in Oxford, had actually found that complement had a triple-helical structure and 
there are in fact six such rods in this huge biomolecule. 


One again, it was interesting to know that my conjecture was proved correct; but the matter 
stopped there, until another exciting consequence took place a few months later. This happened 
in Washington, D.C., where I was a Fogarty International Scholar at the National Institutes of 
Health, Bethesda. Here all the scholars were housed in a beautiful house known as “Stone 
House” and we met one another several times every day and there was plenty of exchange of 
ideas. In this way, I had a long talk with Prof. Sir George Pickering, Dean of Medicine at the 
University of Oxford about various things, in the middle of which I made a comment saying that 
Pauling seemed to believe that vitamin C will help the body resist all infection and that he 
Claimed that it provided resistance even against cancer. Sir George Pickering said, “Bosch!” This 
immediately evoked a strange response from me and I saw in a flash that from my knowledge 
about collagen, I could prove that Pauling was perfectly right. Analyzing the thought process that 
led to this response, I found out that it was associated with the fact that Pickering came from 
Oxford, and Oxford associated itself with Porter, Porter with complement, complement with eal 
Jagen, and the fact that collagen and complement both contain hydroxyproline, which requires 
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ion and requires as cofactor vitamin C. So I imme- 
at it was nol nonsense, and that | would prove that vitamin C will 
Then, 1 explained to him how vitamin C is essential for the 
and since complement has as its essential part the collagen 
roline in it for its formation, vitamin C is essential for its syn- 
dical doctors to verify that giving more vitamin (e 
ely explain why absence of vitamin C 
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that I took the opportunity of writing a short paper on this, which I con- 
on Quantum Pharmacology, which was being held in Florida in the next 
‘nus Pauling’s 70th birthday. Figure 5 is the illustration that was includ- 


e that this paper is one of my best contributions in the discipline 
what I have elaborated so far clearly indicates that one must 
always be on the lookout for surprises, when it comes to the question of discovery. 
Discoveries, naturally, cannot be made to order, but just as statistics is applied in economics 
and in social relations, and it is said that if there is more wealth there is more happiness 

not be so), in the same way, when there is a predominance 


(although in individual cases it may 
there is certainly evéry chance that bright new ideas will 


of science and scientific discussion, 
come out. I do not remember exactly where this quotation came from, but 1 am reminded of it 


»When Greek meets Greek, there comes the spark.” So, as an application of scientif- 


this way" 
icphilosophy towards scientific organization, I would say there is nothing more profitable than 
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the type of conversation you are organizing, in which workers from different fields re 
ing together to discuss a common subject, which is of importance to various branches 


ecular biochemistry and biophysics. 


& meet. 
Of mo}. 


Conformational Analysis 


Now I tum to the general subject of conformational analysis in which, unlike in the case of col 
lagen research, our studies were all directed towards a goal and specific problems were worked 
out which had been formulated earlier. This type of approach is as important for scientific 
research as the other approach-namely of walking right into an unknown forest and Searching for 
something beautiful whose nature even you are not aware of. 


Role of Conformational in Biological Activity. In this connection I am reminded of a simple illus- 
tration of what conformation is, that I give to my students. Suppose you took the human body to 
be a biological molecule. When this human being performs different functions, he keeps his body 
and arms at different angles and states of agitation. For instance, if he were swimming, his hands 
and legs would be rapidly going backwards and forwards. In the same way, if he is swimming in 
the backstroke style, his legs would make very little motion, while the hands would make a cir- 
cular motion about the shoulder. If he were diving into a swimming pool, he will stretch out his 
hands and keep a rigid needle-like shape for his body, so that he can pierce the surface of the 
water with minimum resistance. On the other hand, if he is going to sleep inside a quilt, in a house 
without heating in winter, he will curl himself up such that his body, head, limbs, etc., assume as 
nearly a spherical shape as possible. (Incidentally, this is something we all do; but from physics 
also, this is the natural thing to do, because we reduce the surface area to a minimum and thus 
make heat losses as small as possible.) 


What I wish to bring out by this analogy is that the shape of a molecule has very much to do with 
its function-in the biological systems we are interested in, and in chemical reactions in general. 
According to the particular type of function that it has to perform, a molecule that can assume 
the appropriate shape, or configuration, is selected by the living system to take that particular 
role. 


Alpha-Glucose and Beta-Glucose Polymers. Thus, for instance, cellulose is the main building 
block of the bulk of the plant kingdom. It forms almost 99% of its make-up and is strong and 
fibrous. This is achieved because the glucose residues in cellulose take a parallel orientation and 
an almost straight tape-like structure. The neighboring tapes are hydrogen bonded and so are 
neighboring sheets of tapes, so that we have essentially a very strong fibrous material. On the 
other hand, the same glucose residues, but in the a@-form, cannot take up this configuration. This 
was one of the things that was worked out in our laboratory soon after the (g, y)-map for ea 
teins was discovered. In 1967, V.S.R. Rao and collaborators worked out the corresponding if a 
maps for cellulose and for amylose, namely for two units of B-glucose, and for two units wifi 
glucose (16). From the point of view of chemistry, these two differ minimally; but from ait 
of view of conformation, it is the difference between food and wood. The a-glucose ie easily 
a helical structure with plenty of space in between, so that the different helices cannot d, cellu- 
joined to one another and each is in equilibrium in water, as in starch, On the other handy 

lose is so well packed that it is insoluble in water. 
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apis on Other Biopolymers. Now we come back to the (9, 
Anremp! 


t : Y)-map for i 
pu ies lea dy mentioned, when tested against the known conformations Hn tle 
Me des: 5 hes : inin 
jayne forthe ompounds that has been studied at that time, including those of the salt eo 
gts eric, and collagen helix, they were all found to be insid F 


le the allowed ranges f the 
‘ ice in the criteri i i y thei 
ate ae enormous confidence in the criteria adopted for drawing this map-namely the lim- 
rai gactaistances that were used. Therefore, we went ahead and st 
ain CON 


udied as many compounds as 

une ewe could lay our hands upon-but restricted ourselves to those that are of relevance in 
a gyms. AS YOU all know, the three types of polymers that occur in biosystems are pro- 
biol 


orci acid, and polysaccharides. We have already discussed L-polypeptides that occur in 
ins, «In 1967, the first typical conformational data for dihedral angles related to different link- 

voi tke acid chains were worked out by Sasisekharan, along with his colleagues in our labo- 
ages wt and he extended this to various types of nucleic acid conformations that were known. In 
_ : th all briefly mention later, his great confidence in the power of these methods led him to 
SS ee entirely new types of conformations for nucleic acid chains which were unknown previ- 
custy. and which have been actually detected and found to be important, after their theoretical pos- 
twlation. 


Inthe case of polysaccharides, as mentioned above, the glucose polymers are simple to study. 
The extension of these to various other types of sugar polymers was systematically undertaken 
by Rao in our laboratory. Here also, after he had mastered the problems and peculiarities associ- 
ated with the system, Rao diverted his attention towards still more complicated systems-namely 
proteoglycans and glycoproteins-in the late 1970's. These are compounds in which both peptide 
chains and sugar chains occur together. I can say, without any exaggeration, that these com- 
pounds have been studied theoretically best, perhaps, in our laboratory in Bangalore. 


L Imitates D in Penicillin. These studies on such complex materials are not merely of theoretical 
imerest. It so tums out that the bacterial cell wall consists of peptidoglycan and one of the most 
important of antibiotics, namely penicillin, acts by preventing the synthesis of a portion of the pep- 
tide chains by which different glycan chains are interlinked. It is known that the penicillin molecule 
isa derivative of a dipeptide L=Cys-D-Val in which, in addition a special covalent linkage occurs, 
leading tothe formation of the B-lactam ring. Penicillin effectively prevents the combination of a pep- 
tide chain ending in D-Ala-D-Ala with the next amino acid (L-Lys, in most cases), The way it does 
2 ‘As originally thought to be by imitating an earlier segment of the peptide chain containing the 
rr Sequence of an L-residue followed by aD-residue, similar to what penicillin has. However, Rao 
in oe able to show that the L-D sequence in penicillin really imitates the D-Ala-D-Ala sequence 
f te in ide chain, which is made possible because of the special #-lactam linkage that penicillin 
i ce : Similarity oft the penicillin molecule and a stable of the D-Ala-D-Ala fragment which it stim- 
five nl shown in Figure 6, which has been specially prepared by Rao for this lecture. Inas aay 
ih the corresponding atoms in the two cases occupy the same relative ree 
ey, On. In fact, this is perhaps the best-illustrated example of a “competitive inhibitor” o 


m 5 i 
© and I consider this as one of the most outstanding achievements of saan oy 
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Prediction of Rao has been completely confirmed, by recent nee 
ich have been published in a paper which appeared in Ms pee a am 
1 saw just one week before preparing this lecture. In this study, t e a 
ed in the next section) that occurs in the lutenising hormone-releasing 
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Figure 6: “L imitates D” in penicillin. The black dots represent atoms in the penicillin molecule, while the open 
circles stand for those in the substrate. Note the closé similarity in conformation between the two, shown by the 
locations of corresponding atoms at the five places marked a, b, c, d, e. 

mone (LH-RH) at X2 and X; in its natural sequence Tyr,-Gly>-Leu,-Arg,-was first shown to be 
stabilized and made more active by the introduction of a D-side chain at the Gly a-carbon atom. 
This agrees with ideas on the so-called Type II B-turns, which is explained below. However, the 
same workers found that the activity of LH-RH is equally well improved by producing a }lac- 
tam ring using the L-configuration at the Gly carbon atom for this purpose. The interesting point 
is, once again, that the B-carbon atom corresponds to the L-configuration at C@ for the lactam 
ring, while it corresponds to the D-configuration for the linear peptide which showed increased 
activity. Once again we see the “L imitates D.” This can be generalized, and it can equally well 
happen that D can imitate L under suitable circumstances in other compounds, especially those 
having the conformation of a L-L B-tum (which is very common). 


This may look very strange to you, but actually, it is easy to understand, when we realize that the 
(¢, y)-map throws away a large range of combinations of @ and y the moment there is a side chain 
that is free. This is because of a van der Waals contact larger than 3A that is required between non- 
bonded atoms. But if the same B-carbon atom is covalently linked to the nitrogen, either directly as 
in the B-lactam ring, or through an intermediate atom as in the 7lactam ring, then the distance 
between C2 and N is less that 2A. Such an L type CCB bond occupies the place forbidden for the 
D-type CP in a free side chain, and by the C-H«bond in that case. 


This idea has immense possibilities for the synthetic drug chemist. 


tional feature of 


The Beta Burn. This brings me to a brief discussion of the B-turns—a conforma become 
as now 


protein and peptide chains. We are proud of the fact that this B-turn, which h 
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Hane subjects of study in protein biochemistry as related to conformation, 
ost IMP ed and proposed from our laboratory in Madras. It was given in the Ph.D. 
“wally uncial tachalam and I had the great pleasure of seeing the report on this thesis 
si M. venkal a. You may all be surprised by the fact that the Universities in India 
ins prof. eee see the reports written by the so-called examiners on the theses of 
ticular case, Prof. Scheraga had the kind courtesy to send me a copy 
d sent to the University, and I was really thrilled to read in it a state- 
nee? ffoct that, in his opinion, Venkatachalam’s thesis came up to the highest standards 
hee his field in U.S.A. (Figure 7). 


ost impo 


LL Bend LD Bend 
Figure 7: Perspective diagrams of the two standard types of beta-turns. See also Table II. 


When the B-turn was proposed from our laboratory (20) (which incidentally is of two main cat- 
eis Land Type U-both of which were pointed out by Venkatachalam and a Type III 
Pie on to Type I, but which forms part of the 3yo-helix), it was realized that one of them 
FE bitonl me incorporate an L-amino acid in the third location of the sequence -R,-R2-R3- 
tkigimttaee can occur there, normally. We had not realized at that time that D-amino 
Hund aking nas va in antibiotics, although they occur very rarely in normal com- 
td | worked ont - iological metabolism. Therefore a couple of years later, Chandrasekaran 
Chicepo, This (21) iS so-called L-L and L-D turns (standing for B-turns of Type I and II) in 
Gy in Type I tur we out the great stability that the D-amino acid imposes, in replacing 
‘ubilizing energ 8. The Teason is very simple, namely that the D side group lends additional 
“hich i fe pater 4 ka the region R;, (but an L Cé-atom destabilized it). This again is a fact, 
| m mentioned above on LH-RH had demonstrated so beautifully (Table II). 
| Chains ‘ 
lormetion 0 ate Acids, Since the side chain has played such an important part in the con- 
o atine aid sae in peptide and protein chains, a very systematic study of all 
in) Y Laks minarayana, jain was taken up by Sasisekharan and a number of his colleagues, 
the ¢ almost all the 50a hy Ponnuswamy. Theses studies were started in the late 1960's 
Sub ogee nine acids were studied. It was a great pleasure at the early stage 


OF us to : 
€e hich amino acid will have which side-chain conformation, and it 
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Table II 
Conformational Angles Phi and Psi for the Common Beta Turns! 
a 
Type’ Nature of RRs (2, ¥4) (40) 
I L,D (-60°,-30°) — (-100°,10°) 
I L,D (-60°,120°) (80°,0°) 
Litt L,L (-50°,-30°) (-50°,-30°) _ 
Y D,D (60°,30°) — (100°,-10°) 
1 D,L (60°,-120°) (-80°,0°) 
nl’ DD (50°,30°) (50°,30°) 
ee er a 


1The hydrogen bond is 4 — | for all of them. 
21’, II’, IV’ are mirror images of I, Il, III and therefore, L and D are interchanged between the two. 


was very reassuring when we found that not only were these confirmed by observation in small 
compounds, but even by the observed crystal structures of globular proteins. Nowadays, data 
of this type is of common knowledge, and it is even contained in the Handbook of. Biochemistry 
and Molecular Biology. 

Beginnings of Energy Calculations. One of the very essential features that specifies which of 
two possible conformations, both of which are equally likely, will be preferred is the occur- 
tence of hydrogen bonds-particularly of the types NH...O and OH...O. Therefore, in trying to 
calculate the energies, it is necessary to have a potential function for these. (1 am not men- 
tioning much about the early development of the energy calculations since our laboratory 
played only a secondary part in that feature.) The first energy approaches to protein structures 
were given in 1956, by Ligouri (25), Flory (24) and Scheraga (25) almost simultaneously. We 
got into it almost immediately and preferred the Flory formulation of the potential functions 
which can be considered to be one belonging to scientific philosophy, namely, the application 
of statistics and probability to energies, and therefore I shall discuss it in some detail. 


Statistical Methods for Conformational Analysis 


Probability and Energy of Hydrogen Bonds. Although this approach is widely used nowadays 
in several in several aspects-for example, for the prediction of secondary structure from 
sequence, as has been done by Gerry Fasman and Chou (26), -it has not been sufficiently real- 
ized that earlier attempts at applying statistical methods for such purposes were made in our 
laboratory. In the early 1960's along with Dr. C. Ramakrishnan who was the co-author of the 
first paper (9, y)-map, I investigated in great detail the distribution of the length (NH) and the 
angle 6 = NH A NO in NH...O hydrogen bonds. It was a very laborious work and we took 
almost all available data at that time and this was published in the Proceedings of a Symposium 
on Fibrous Proteins which took place in Canberra in Australia. Soon thereafter, we wanted to 
make use of this in predicting the energy distribution as a function E(/,@) of / and @ from the 
probability distribution P(1,@). (27) For doing this, we used the Boltzman distribution: 


AI) 0  -E(l.eyRT t) 


. - is 
This formula met with severe opposition because the Boltzman distribution had been proved = 
utilized in physics only for energy distribution among molecules, or components of moles 
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<5 statistical equilibria. Ihada long discussion with Professor Pauling about this when h 
whicl ieee and I pointed out to him that the energy values so determined fitted beautifi ily 
ame 10 - : i of structures for biopolymers and similar compounds. He was noncommittal pa 
into pre wick “qf you find that it is empirically satisfactory, go ahead and use it” I have still rot got 

aie theory 10 support this distribution, although I have some vague ideas which I will not 

here. The essence behind this is simply the fact that a conformation, which is expected to 
nn ae rved because of the higher energy involved, will in fact be rarely observed. The sec- 
get ly observed” in the above sentence refers to p(/,@) of Eq. (1) while the first “rarely 
ole refers to the calculated energy E(/,@) of it. Any relation of the type of Eq. (1) will fit this; 
re only point at issue is whether the constant used should be RT or some other number, 


said 1 
com 


In fact, this is a dictum of probability theory-namely that if a certain probability distribution is 
observed connecting one property with another Property of a population, then the joint probability 
gistibution can be equally well applied for predicting the second from the first, or the first from the 
gecond, in particular cases. Hence, it is obvious that the statistical method of approach can predict 
conformations only in a statistical way, and one should not be surprised if it gives completely wrong 
results in a particular case. If enough examples are tried, the fit will surely be good. 


Rarity of cis Peptide Units. This statistical approach for obtaining the energy distribution function 
has been used in our laboratory in a number of ways. For instance, we know that the classical def- 
inition of the “partition function” in statistical mechanics which connects free energy with proba- 
tility employs RT as the exponential parameter connecting the two. We used it, in particular, to 
explain the relatively rare occurrence of cis peptide units in relation to trans peptide units in protein 
and polypeptide chains, by using Eq. (1) in reverse. Although the difference in energy between these 
two states of a single peptide unit is only of the order of 2 to 3 kcal/mole the observation is that cis 
peptide units are extremely rare and are almost never found except for proline and for N-methyl- 
amino acids, A very elegant explanation of this was given by us in terms of the partition function 
obtained from the distribution of states in the (@, y/)-maps of a stretch of three peptide units. (28) 
The calculations showed that, for the common amino acids with a Cg-atom, the probability of a cis 
conformation in the middle peptide unit was extremely rare in relation to its having a trans confor- 
mation, However, for proline, the two were found to be practically of the same probability. This 
beautiful result has resolved what I had considered earlier to be one of the unsolved problems in 
Peptide and polypeptide conformations. However, it does not mean that a cis peptide unit can never 
i for residues other than proline; it can do so under special circumstances when the conforma- 

nof the chain and its local environment produces restrictions, requiring such a unit to be present. 

ant there is no mystery about cis peptide units being rarely observed, except that it is a 

ly conformation for a three-peptide chain unconstrained by other considerations. 


We also 


tions for moved this statistical approach to determine the nature of the ¢- and y-potential func- 


‘ amide units as they occur in a peptide chain, by actually looking at the distribution in the 
Sees Pf Various local conformations at the Cé-atom, and comparing it with the contribution 
ae tee the intermolecular van der Waals and repulsive interactions. It is rather wets 
Ner tential functions so obtained showed fairly steep maxima and minima for yw with a a 
I/mole that had existed in 


Mote th; 
thei an 2 kcal/mol i f less than 0.5 kcal 
Ite ole, as against a small value of less ations that this type 


re, . 5 
Ol Vatiation § It was also verified from carefully devised quantum chemical calcul 
On is tobe expected. 
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Application of Quantum Chemistry to Peptide Conformation 


This is the right opportunity to talk briefly about quantum chemistry and how it can 
formational analysis. The above analysis of the y-potential and the associated quantu 
was done by my colleague Kolaskar with others in the department. Earlier, he was associated yj 
Lakshminarayanan and me in studying the non-planarity of the peptide unit-a feature which niche 
pointed out to be of importance to biomolecular structure even in the 1968 review (30) in Apis 
in Protein Chemistry. Since then, several persons, including Dunitz in particular, had analyoed 
crystal structures from this point of view and showed that non-planarity was not at all i fa 
mon. However, no definite indication was available from theory as to how much of non-pla. 
narity is to be expected and what is the energy associated with it. 


help in con. 
IM chemist 


Catalysis of the Theory of Non-planarity, Our entering this field was catalyzed by a remark made 
by Prof. Mullikan commenting on my lecture that I gave on peptide conformation in Chicago, | 
greatly emphasized the importance of the planar peptide unit, and its dimensions as determined 
by Pauling, for the stereochemistry of peptides, and how it had helped in working out so many 
problems in peptide and protein conformations. Mullikan asked me, in particular, whether I 
believed that non-planarity cannot at all occur, and he suggested that the very fact that ammonia 
is pyramidal indicated that, even in the peptide unit having a partial double bond character for the 
C-N bond, the three bonds meeting at the nitrogen atom need not be completely planar. The very 
next week, Lakshminarayanan and I started making quantum chemical calculations to test this 
idea, because there was no other approach to it that could give a definitive answer. Using CNDO 
calculations, we showed that large non-planarity (A@), of about 10°, can occur about the C-N 
bond, and the rotation angle (A@y) between the N-Ca and N-H can also differ from 180° by dou- 
ble this order of magnitude. Immediately, our attention was brought to a microwave study made 
in Japan several years earlier on formamide (H-CO-NH,), in which a non-planarity of this order 
had been observed at N. It greatly strengthened our confidence in the result from quantum theo- 
ry. However, when we applied INDO for this purpose, the predicted deviation was rather small- 
er, though still appreciable, and deviations from the planar structure of up to 10-15° of non-pla- 
narity, at the N atom, did not involve increased energies of more that 0.5 kcal/mole. On the other 
hand, both CNDO and INDO indicated very little non-planarity of the three bonds meeting at car- 
bonyl carbon atom. (31) 


For a few years thereafter, Kolaskar spent considerable time in checking various available data 
and confirming, by the probability method mentioned above, not only that the distribution on 
non-planarity is what is given by theory, but also that the order of magnitude of energies 
involved was also in agreement with observation, if Eq. (1) is taken to be valid (see Figure 8). 


Non-planarity and its Consequences for Peptide Conformation 


This is the right occasion to talk of the application of the non-planar peptide unit in polypeP- 
tide structures. In the beginning, we found several examples in simple peptides and cyclic Ua 
tides, with appreciable non-planarity, as calculated by using accurate data from crystal ane 
tures, in which there was no reason why the packing in the crystal should have lent a apr 
the production of non-planarity. A slight non-planarity was found for the a-helix aed 
minimization, which agreed that what Arnott had found by a refinement from x-ray dill 
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@ Gly 
z + Gly with H-Substn 
© 
a © Non-Gly 
@ Non-Gly with 
H-Substn. 


Figure 8: Energy map obtained from quantum chemistry (INDO) and observed data in good crystal struc- 
tures of peptides, (Symbols explained in text.) 


data; but it was nothing to talk about. The general conclusion, of value to those who build pro- 
tein structure, was that one need not worry about including non-planar units with up to 20° 
ton-planarity (A@,) at the nitrogen atom, and a range of about +10° for the dihedral angle Aw 
about the standard value of 180° for a trans peptide unit. 


= there Shelix with Non-planarity. There the situation stayed until, by a curious coinci- 
eh attention was drawn to a possible left-handed helix of the a-type for a polypeptide 
tg was brought to my attention, at the NMR conference in Stanford, by Jardetsky, as 
Me indie conclusion of some of his NMR data. A brief inspection of the model he showed 

ated that this helix was of a topology different from the a-type helices. Although the 


rill S j . ‘ 
it i it has only j > 1 hydrogen bonds, while in the helix built by Jardetsky 


told) 

Ry. serie that we should be able to find, by calculation, the best helix having this topol- 

Morogh mt remarked that, only a year earlier, Ramakrishnan in our laboratory had made a 

‘ov thai “_ of every possible type of single helix that could occur for peptides, and had 

"aly accepted he possible ones had been listed and no new ones would be found if the cur- 

“red tg m 'deas of energy of stabilization were used. This was the dilemma, but then it 
that the Solution might lie in non-planarity. | was at the N.I.H. at that time and 
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had no assistants, and therefore I telephoned sp aero = at Purdue, and told 
him to find the minimum energy conformation in the region a this particular helicity 
including also non-planarity. Surprisingly, Chandrasekaran ae oun: ts minimum in the 
expected region of Jardetsky’s left-handed helix, for poly-L-al anine. Although it was Tat a 
stable as the right-handed a-hclix, it was probably superior to all the left-handed helices of 
the type that were considered to be possible, like a, and @. 


Therefore, I examined other polypeptides as likely candidates for this new left-handed helix 
with about —4.0 residues per turn. Earlier, in Madras, we had found that poly-L-serine could 
form an OH...O hydrogen bond between the side chain -CPH,-OH and the backbone O=C, if 
it had a left-handed helical twist of the usual o-type. On checking the same polypeptide for the 
new left-handed helix, I found that a similar hydrogen bond could exist for this also. I this were 
true, then this would also be true for the side chain -CAH-NH). The corresponding polypep- 
tide is poly-PDPA (standing for poly=L-diamino-propionic acid). This is an analogue of lysine 
and ornithine, with one less CH, group than ornithine. On checking with models, I found that 
both lysine and ornithine were not specially suited for the new helix, but the side chain of 
PDPA was very good for forming a hydrogen bond with the backbone. 


I left it at that; but imagine my surprise, when in 1978, at the annual Biophysical Society 
Conference in Washington, J. T. Yang of San Francisco, to whom I talked about this, told me 
that he had already discovered that L-PDPA had a left-handed helix, while both poly-L-lysine 
and poly-L-ornithine assumed only the right-handed helix, while both poly-L-lysine and poly- 
L-omithine assumed only the right-handed helical configuration, as detected by ORD-CD 
studies. I was then absolutely convinced that our ideas about the new left-handed helix were 
right, and we decided to name this as the 6-helix. A paper was published on the theoretical 
study, and possible interpretations of NMR and ORD-CD data employing this helix, by 
Chandrasekaran and Jardetsky (8). 


We can now show that the é-helix is the stablest of all left-handed polypeptide helices. In fact, 
my former colleague Manju Bansal, told me two weeks before preparing this lecture, that she 
had definitely established that the helix which occurs for poly-f-benzyl-L-aspartate (PBLA) is 
the new é-helix having n= 4.0 and not the a@helix which is usually supposed to occur (9). The 
proof from theory was obtained by taking into account especially the potential energy associ- 
ated with non-planarity of the peptide units, and also the various improvements in the poten- 
tial functions which I mentioned above, including, in particular, the idea of softening the con- 
tacts H...H and C...H which I had suggested in my contribution to the Jerusalem symposium 
in 1975 (29). We can now exclude the w-helix from the list of possible helices since its mini- 
mum energy for PBLA is about 10 kcal/mole above that of the d-helix, (So it has not been list- 


ed in Table I). All examples where the former had been postulated should be checked for fit 
with the new 6-structure. . 


Need for Looking Out for Unexamined Possibilities 


The above is a very go 
although a thorough re 
Polypeptide helix was 


od example where, an entirely new possibility could be found out 
“examination of the available data and theory indicated that no new 
expected to occur at all. Thus, from the point of view of scientific phi- 


rr 


phys ne must I 
JosoP ‘lities. even th . 
poss! et Kalidasa mentions: 
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have one’s eyes and ears open for new type of knowledge leadi 
ough they are completely at variance from accepted deny rei i a 
. AS the famous 


Puranamityeva na sadhu sarvain 
Na capi kavyam navamityavidyam. 


(Not all that is old is necessarily true; 
Nor a poem be unread, because it is new.) 


this shows that this problem has been there all along in human existence, and will continue to 

oxist. TH bright young man has always to fight the established order, before his new ideas are 

accepted. 

The Nucleic Acid Dilemma. | shall therefore briefly consider what has happened similarly in 

the case of the DNA double helix. The postulation of the double helix in 1952 by Watson 

and Crick from stereochemical and base-pairing principles was proved by the work done in 
he succeeding years. The x-ray patterns of many polynucleotides agree 


King’s college int 
NA double helix. Apart from the existence of minor modifications such as 


with that of the D 

A-DNA and B-DNA which had different number of units per turn, both of which had essen- 
tially the same right-handed twist of about 30-40° and base pairing of the Watson-Crick 
type, only minor examples had been found where slightly different configurations existed. 


However, whenever I talked to biologists during the late 60’s and early 70’s, when so many 
experimental studies had been made on DNA as it occurs in the nucleus of the cell, they 
always had a difficulty in reconciling the way in which a nucleic acid chain will have to 
untwist itself some millions of times in one molecule of DNA and then, after duplication, 
retwist itself in the same way without any tangling taking place, with the absolute repro- 
ducibility of genetic information achieved by the process. I was also worried very much 
about this feature, and frequently talked about this to experts in DNA conformational theo- 
ry-particularly with Sasisekharan of our laboratory. Independently, Sasisekharan had him- 
self thought about the possible existence of left-handed helices for DNA and had stereo- 
chemical calculation showing that it had a very reasonable structure and could possibly 
occur. However, this matter was under eternal discussion between biochemists, microbiolo- 
ists, molecular biologists, and molecular biophysicists, and no clear solution to the tangling 
problem was available. 

matter could be resolved 
of wavy structure SO the 
e extent of making some 


nog 76 1 took a serious interest in this, and thought that the 
the belia pi chains of DNA side by side, bet i sar 
draw; -ray pattern would be simulated. In fact, even et 
San of the chain that would have the same repeat as normal DNA, and Faeroe 
thir diffraction pattern using one lumped atom at phosphorus, another at . es a 
¢sting fn the base. The model was extremely crude and was of the ae ea pe’ 
em, ag ing was that the calculated Fourier transforms were compatible mn F emall inten- 
Sty, ay ed8ed by discrimination between regions of large intensity and those © : sages aad 
only showed that the net radius, or the net width, of the siructure wai 


lists ce 
WO Chai ‘ 
chains had some sort of helicity with the same pattern as 1 DNA. 
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However, the whole approach had to be thrown away because Sasisckharan showed cia 
ably that such an arrangement cannot be realized in an actual DNA structure. He was sure diag 
if we assume that the two chains do not twist around one another, but only stay side by aie 
then no such structure can be built which is free of bad contacts. In fact, I would consider this 
avery great achievement for a nucleic acid expert, because I myself was completely baffle f by 
the number of dihedral angle that are there in DNA, and the number of inter-connections that 
had to be considered, To say with confidence that something is not possible required a very 


great fecling for the molecular structure. 


The New Structures for DNA. Taking his clue from these discussions in the department, which 
raised the question whether the intertwisting of the two chains in DNA is a biological possi- 
bility (quite apart from the chemical possibility on the specimens which give the beautiful dif- 
fraction patterns recorded for crystallized B-DNA), Sasisekharan then tried to fit a structure, 
in which, the structure is right-handed for about 5 units, and is then left-handed for about 5 
units, so that there is a repeat after about 10 units as is found in B-DNA. Here again, an enor- 
mous amount of intuition and knowledge of how these structures would look like was neces- 
sary in order to show that something is possible from stereochemistry. When I tell you that, 
even if some of the dihedral angles and bond angles were changed by '/2°, the net unit twist 
would go away by a magnitude of the order of 29°, one can realize the complexity of the prob- 
lem. Yet, Sasisekharan showed that such a structure is quite satisfactory, and much of it was 
made possible because he already had the coordinates for the left-handed DNA helix. He pub- 
lished this work first in Current Sciences (33). This work of Sasisekharan clearly showed that 
the principles of stereochemistry will allow the double helix to assume both the right and left 
handed spatial configurations and that both types of structures may coexist in the double helix. 


As you all know, the matter stood at that, and it took some time before some of these struc- 
tures were actually realized in examples where they could be unmistakably shown to occur. 
Thus a short stretch of non-right-handed helix was observed in oligo-nucleotides by 
Viswamitra in 1978 (34), and the left-handed helical twist by Rich in 1979 (35) and by 
Dickerson in 1980 (36). Recently Wells and coworkers (47) have managed to construct a 
recombinant plasmid DNA in which right and left handed helices. It has been demonstrated by 
Sarma and coworkers (48) that under solution conditions poly(dG-dC)-poly(dG-dC) in high 
salt exists as a left-handed Z-helix. 


I will not say more about this, mainly because I am not a specialist on poly-nucleotides and the 
above comments of mine have been made only as a biopolymer chemist viewing the subject as 
a whole. A recent review by Sasisekharan (37) contains references to the relevant literature. (49 


Suggestions for Future Studies 


| shall now give a brief account of some ideas that I have regarding types of problems if 
chemistry and molecular biology, which could be attacked profitably from the point of view ° 
conformation. They are, by no means, exhaustive. 


the sub- 


Molecular Fit. The concept of “molecular fit” occurs, for example, in the binding of Pauling 


Strate to an enzyme. A very similar problem is that of antigen-antibody recognition. aS 
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Figure 9: Schematic representation of compounds (a), (b) and (c) (see text), in relation to the binding 
pockets in the receptor. Note how the Gal in (b) is pointed away from the binding site, with the addition- 
al L-Fuc in (c) restores the situation as in (a). 

and Delbriick (38) pointed out as early as 1940, the essence of the phenomenon is the pairing 


of a specific arrangement of atoms in one molecule with that in the other molecule which 
comes and attaches itself to it. 


Recognition by Antibodies. That this is not too difficult, and that some apparently contradicto- 
ry facts can be given a sound explanation from a proper understanding of conformational the- 
ary, has been shown in Bangalore by Rao and co-workers (40). It is commonly supposed that, 
inthe saccharide chain of an antibody, it is the terminal sugar residue that gives much of its 
specificity. However, in the case of two such compounds, Jacto-N-neotetraose (a) and lacto-N- 
tetraose (b), both of which have the same end group, galactose the former has the specificity 
ia while the latter does not bind at all. The only difference eri: be peo 
ttc hen has an | -> 4 linkage of galactose to N-acetyl-glucosamine, ser om be 
Si tween the same two sugars. However, if one adds an a . si nt aah 
in ee with a1 — 2 linkage to obtain lacto-N-fucopentaose ms an dorsi 
only tee restored. These are known facts, which look puz7!iné: —_ * are also responsible 
forte € terminal residue, but two or three others next to it in the chain, 2 . : Tht 
the Pear and binding, Rao showed that if the proper in <ae “ rr 
Nery si Ne three compounds are compared, then the shape, as far as ve =i Hor in Figure 9, 
a fi 4s between (a) and (c), but different in the case of (b). Tis snformation helps in 
tndersy is an example where a carfu study of the relevant saccharide co! 
‘nding the apparently strange behavior that is observed. 


"lein.N, expert specialists 
“ucleic Aci, 8 io are more © 
than | tas leic Acid Interactions. This is a subject 10 which there 4 


nu . shall om touch upon 1 e importance of inter- 
the ce, and so I shal h . Th ti n 
clei Mt ] only P' p' 

ain, prevenuing its normal structure from being expressed 1s 
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Figure 10: (a) CPK model of TANDEM molecule, slightly modifies from the x-ray structure. (b) 


CPK model of TANDEM in its complex with a partially unwound B-DNA helix, seen from the major 
groove side, 


well ht om particularly in relation to certain types of antibiotics and carcinogenic care 
Y se 4 However, precise knowledge as to haw a peptide unit, or its side chain, fits into a nucle: 
acid chain is not yet available, nor even the principles connected with the stereochemistry © 


it. i f 5 z 
In this connection, I would like to draw your attention to a recent paper by Viswamitra (4 


— crystallographic study of the synthetic analog, TANDEM, of the antibiotic ae 
tide with iaee = i which, the first detailed picture of the association of 4 cyclic peP 
‘A chain having a specific sequence has been worked out-see. Figure 10. 
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acini Finally, 1 come to the topic which is particularly emphasized in the 
Srercod) na namely the stereodynamics of molecules. Dynamics is more difficult to work out 
ce never efforts by Karplus and others in this direction have been very rewarding. 
than at two particular aspects where the dynamic action has to be studied in particular, 
y may kn the way in which the active site of an enzyme moves over the surface, or the chain, 
One cou olymer (like a protein) and reaches the particular specific sequence where the cleav- 
lia ae other reaction, takes place. There is reason to believe that the recognition is there, 
aa of the actual substrate region where the reaction takes place, but also of the amino acids 
on either side up to 3 or 4 residues away. The dynamics of the “crawling” motion has to be 


understood, in addition to the phenomenon of “matching.” 


Similarly, the problem of ion transport across membranes, and its modifications by ion trans- 
port peptides, is a very important problem to be examined, Thus, molecules like gramicidin-A, 
have a special type of helix-the so-called LD helix—first worked out by Chandrasekaran and 
myself (42,43), although I have not touched upon this in this review. This helix has a central 
hole through which the ions are transported. However, the ion has to be of the right size—-neither 
too small nor too large. If it is too large, obviously it cannot be transported through the hole, 
while if it is too small, it just goes in and comes out. When it is of the right size, one section of 
the tube takes hold of the ion, and moves it on to the next section, apparently in some sort of 
peristaltic process. The dynamics of this, and the way whereby the amount of transport, nor- 
mally taking place across the membrane, is enormously magnified by the peptide, should be 
examined. This will have the reward that it might be possible to design newer and better antibi- 


otics of the gramicidin-A type. 


Need for Elementary Book on Conformation. This brings me to the last topic, namely the need 
for more elementary books on conformation specially intended for the biochemists and the biol- 
ogists, who would like to employ for their studies, the methods of reasoning adopted by physi- 
cal chemists and chemical physicists. Since it is a way of thinking that has to be passed on to 
the biochemist and the biologist, and not merely a technique, there is a great need for books 
written on conformation where the emphasis is on the role of conformation related to biomole- 
cules and biological activity, rather than on the principles of calculating energies and physico- 
chemical factors. Even the beautiful book by Dickerson and Geis (46) has to be supplemented 
by another which will also explain the theoretical approach to the subject, in addition to the 
“what” and “how” of it that has been beautifully pictured and explained therein. 


As in every science, conformational analysis has started as a specialty, and developed as a spe- 
Clalty; but I think it has now come to a stage when it can be made available to one and all. 
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) Raghupathy Sarma has been associated with Professor 
Ramachandran for the last 41 years. He obtained his 
Master’s and Doctorate degrees while working under 
the supervision of Professor Ramachandran at Madras 
University from 1957 to 1963. He determined the crys- 
tal structures of some organic compounds and worked 
on several statistical tests for determining the degree of 
isomorphism between two crystals. He worked with 
David Phillips (currently Lord Phillips of Ellesmere) at 
the Royal Institution of Great Britain in London where 
he determined the crystal structure of lysozyme. He con- 
tinued this work with David Phillips at Oxford 
University until 1968. He immigrated to the United 
States that year and worked with Dr. David Davies at the 
National Institutes of Health in Bethesda, MD. There he 


determined the first low-resolution crystal structure of an antibody molecule. He joined the 
Faculty of the Biochemistry Department at the State University of New York at Stony 
Brook in 1971 and has determined the crystal structures of several proteins. He has taught 
Biology and Biochemistry to many students during his 27 years at SUNY Stony Brook. He 
has two sons and lives with his wife in Stony Brook and Florida. 


G. N. Ramachandran, GNR to those who know him well, is one of the most brilliant 
Indian scientists of this century. He has been rightly called “the father of molecular 
biophysics in India”. He was a pioneer in that field even when the subject was just 
commencing to take shape in the advanced countries of the Western world. Gifted with 
uncontainable brilliance and intelligence, driven by inexhaustible energy, against 
impossible odds — primitive equipment, gargantuan Indian bureaucracy, dilapidated 
communications, deliberate delay tactics by Western journals, caste discrimination — 


he triumphed, and immortalized himself in the field of molecular biophysics and pro- 
tein conformation. 3 
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This book is the story of a gift from the gods to India, a young tamil brahmin from the 
Malabar coast, his triumphs, ecstasies, agonies and defeats; and how India lost its 
chance to become the power center in structural biology, 
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